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Abstract
This study aims to investigate the effects of unburned carbon in coal combustion fly ash on
the properties of concrete. One of the most important effects of unburned carbon on concrete
is its tendency to absorb the Air Entrainment Agent (AEA) in concrete. Because of this
effect, the American Society for Testing and Materials (ASTM) and Australian standards
(AS) restrict using fly ashes to those with Loss on Ignition (LOI) lower than 6% and 4%
respectively. This study aims to compare the effects of LOI and particle size distribution of
fly ash particles on the amount of AEA required for the concrete. The evidence suggests that
particle size distribution has a stronger correlation to the AEA demand rather than the amount
of unburned carbon in fly ash as measured by LOI test. Foam Index (FI) tests were also done
on the fly ash samples to measure the degree of interaction between unburned carbon in fly
ash and AEA.
Three different fly ashes were collected from different power stations in New South Wales.
Two fly ash samples were collected from Earing power station and the other one was
collected from Wallerawang power station.

All samples were characterized by X-ray

Diffraction (XRD), Scanning Electron Microscope (SEM) and Mastersizer 2000 to find the
chemical composition, mineralogy, morphology and particle size distribution. LOI tests were
also performed on the fly ash samples. After that, concrete mixes were produced in the
laboratory to examine effects of LOI and particle size of fly ashes on the properties of
concrete including air content, compressive strength and drying shrinkage.
The aforementioned tests showed that LOI values did not correlate strongly with the AEA
demand in concrete. The FI results in this study showed a satisfactory correlation to the AEA
demand in concrete. The results suggest that FI is a good indicator of AEA demand because
as the FI increases, the required amount of AEA also increases. This finding supports the
hypothesis that FI of the fly ash controls AEA demand rather than LOI.
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1. Introduction
The combustion of coal in the furnace of power plants leads to production of some solid
residues such as fly ash, bottom ash, slag and gypsum. While these by-products of the coal
combustion process were traditionally called “wastes”, nowadays these residues are called
Coal Combustion Products (CCPs). This change is due to their applications in the concrete
industry, structural fill, waste stabilization and agriculture (Gurba et al. 2007).
This research is an investigation into the use of coal combustion fly ash as a partial
replacement of cement in the structural concrete. The unburned carbon existing in fly ash can
have deleterious effects on the concrete. This study investigates the effects of residual carbon
in fly ash on some properties of concrete. In particular, the effect of Loss on Ignition (LOI)
on the Air Entrainment Agent (AEA) demand of concrete is examined.

1.1. General
Coal is one the main fuels for producing electricity worldwide.

In 2007-08, 40% of

worldwide electricity was generated by burning coal. In Australia, three quarters of the
electricity is generated by burning coal in power stations (Australia Energy Resource
Assessment, 2010).
Fly ash is one of the by-products of the coal combustion process in power plants. About 8085% of the ash residue generated in power plants is collected by electrostatic separators or by
fabric filtration. The remaining (15-20%) is bottom fly ash which is collected by the ash
removal system at the bottom of furnaces (Gurba et al. 2007).
The properties of fly ash mainly depend on the initial coal composition, the design and
operation of power station (Williams and Riessen 2010). Fly ash is one of the most common
pozzolans (Neville A. M., 1997). According to American Society for Testing and Materials
(ASTM) and American Concrete Institute (ACI) the pozzolan is defined as: “a siliceous or
siliceous and aluminous material, which in itself possesses little or no cementitious value, but
will, in finely divided form and in presence of moisture, chemically react with calcium
hydroxide at ordinary temperatures to form compounds possessing cementitious properties”
(Dunstan, 2011). Due to the pozzolanic properties, fly ash has been used as cementitious
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material in concrete for many years in the many parts of the world. However, the amount of
fly ash that can be used in concrete is limited to 10% to 25% of cement by various standards
(Aydin et al. 2007).
Partial replacement of cement by fly ash enhances some properties of concrete. For example,
it improves workability, decreases permeability and increases long-term compressive strength
(Ley et al. 2008). Moreover, if a suitable use of fly ash is not found, it is usually disposed in
landfill which can cause serious environmental problems (Ley et al. 2008). Therefore, using
fly ash as a partial replacement of cement in concrete can also reduce the environmental
problems. In addition, if a proportion of cement is replaced by fly ash, a lower amount of
cement is required to be produced which results in reduced greenhouse emissions during the
manufacturing of cement (Aydin et al. 2007).
There are also other potential uses of fly ash including:


Structural fills and embankments



Flowable fill in self compacting concrete



Waste stabilization



Agriculture and horticulture



Manufactured products

In many countries, the biggest utilization of fly ash is in the cement and concrete industries.
There is much literature about using fly ash in cementitious applications. There are many
national standards relating to cement and concrete containing fly ash. Currently, there are
many examples of buildings, dams and other concrete constructions containing fly ash
(Gurba, et al. 2007).
This research studies some of the advantages and disadvantages of using fly ash in concrete.
The effects of fly ash on the main properties of concrete like compressive strength,
workability, drying shrinkage and air content is examined. In particular, this research
examines the effects of fly ash on the AEA demand of concrete.
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1.2. Rationale
More than 367 million tons of fly ash were produced worldwide in 1992 with just one third
gainfully re-used (Valer et al. 2001). In Australia, 12.5 Mt of fly ash was produced in 2005
and only 48.8% was used. 15.8% was used for cementitious applications and 33% in other
beneficial ways (Gurba, et al. 2007). The rest was disposed of in landfill areas.
On the other hand, 5% of the global CO2 emissions is attributed to the cement industry. The
average energy input required to make one ton of cement is around 4.7 million Btu (about 4.9
million kJ) which accounts for 2.4% of the global energy consumption. This amount of
energy is roughly equivalent to burning 16 million tons of coal every year which produces
huge amount of CO2 (Portland Cement Association, 2010). Concrete is one of the most
widely used construction material worldwide in terms of volume due to being easy to use and
possessing good strength and durability. Since cement is the most important part of concrete,
decreasing the amount of CO2 emitted from the manufacturing of cement, can result in a
considerable benefit to the environment. When a proportion of cement is replaced by fly ash,
a smaller amount of cement is needed to be manufactured. Therefore, a large amount of
energy and resources would be saved due to this replacement.
An extensive range of fly ash applications makes the fly ash market a broad one. These
applications can range from cementitious uses through to agriculture and bulk fills. The
cement and concrete industries are the largest consumer of fly ash in Australia.
The distribution of the air void system in concrete contributes to its resistance against
freezing-and-thawing system (Ley et al. 2008). The residual unburned carbon in fly ash can
make it unsuitable for concrete. The reason is that the unburned carbon has a tendency to
react with AEA which is added to concrete to form and stabilize the air void system. Various
standards such as ASTM and Australian standards (AS) limit the use of fly ash to those with
Loss-On-Ignition (LOI) lower than 6% (ASTM C618-12, AS 3582.1-1998). LOI is a test
which measures the amount of unburned carbon in fly ash. However, this test does not
provide any information about the properties of carbon existing in fly ash (Freeman et al.
1997). There are some studies which claim that the LOI test is not suitable enough for being
used as a standard. They have observed that the effects of unburned carbon in fly ash on air
entrainment are due to the particle size distribution and specific surface area of carbon
particles rather than just the amounts of carbon. Recently, some inadequacies have been
MohammadAmin NamaziRad
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recognized in current standards on fly ash in terms of performance prediction when fly ash is
incorporated in concrete (Gao et al. 1997).
Over the past years, the increasingly use of low NOx burners in the coal combustion furnaces
has resulted in an increased concentration of unburned carbon in the coal combustion fly ash
(Valer, et al. 2008). When a low NOx burner is used in a boiler, the peak temperature is
reduced and the ash will not fuse completely. The temperature change causes the production
of more irregular particles in fly ash which are mainly unburned carbon (Balkema, 1992).
The suitability of a fly ash for different applications can be determined by its chemical and
physical properties. Fly ashes from different power stations with different combustion
processes have shown a wide variation in their properties. These properties depend on the
original coal, combustion process in the boiler and the air pollution control technologies in
power plants (Gurba, et al. 2007).
Before any application of coal fly ash, it must be characterized and assessed to ensure that the
product containing fly ash will meet applicable environmental and engineering regulations
and standards, as well as product specifications.

1.3. Objective
This research aims to investigate the effects of unburned carbon in fly ash on the main
properties of concrete especially on AEA demand. The following tests were done to find the
effects of fly ash on the properties of concrete and more importantly, to examine the
relationship between LOI and the degree of interaction between unburned carbon in fly ash
and AEA in concrete.


Loss on Ignition (LOI) test to find the amount of unburned carbon in fly ash;



Foam Index (FI) test to investigate the degree of interaction between fly ash and
(AEA);



Particle size distribution and specific surface area test;



Air-Entrainment test to calculate the amount of AEA needed to reach a target air
content (4%);



Compressive strength test to find the 7-day and 28-day compressive strength of
concrete samples;



Shrinkage test to investigate the effects of fly ash on losing water.
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All the fly ash samples are characterized by X-ray Diffraction (XRD) and Scanning Electron
Microscope (SEM) before being used in concrete.
At the end, the relationships between LOI, FI, and particle size distribution of fly ash with the
AEA demand of concrete are discussed. Compressive strength and shrinkage tests were done
to examine the effects of fly ash on these two important properties of concrete.

1.4. Thesis Outline
This thesis is comprised of six chapters. After the introduction, the second chapter is a
background about cement, concrete and fly ash. This chapter explains the properties related
to this study for each material separately. The third chapter is a literature review about the
research that has been done on using fly ash in concrete as a partial replacement of cement.
Chapter 4 describes the methods and methodologies used in this study for the tests in
different laboratories. Chapter 5 is the results of the tests and a discussion on the results. The
last chapter is a conclusion and some recommendation for future work.
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2. Background
Concrete, as one of the most widely used construction materials, is composed of Portland
cement, water, sand and aggregates (Khan and Prasad, 2010). According to statistics, U.S.
produces 1 million metric tons of Portland cement and 1 billion metric tons of concrete
annually (White, 2006). Recently, concrete has been formulated by incorporating some
mineral admixtures. One of the most used mineral admixtures is fly ash which can be used as
a partial replacement of Portland cement (Khan & Prasad, 2010). This chapter gives a brief
background on Portland cement, concrete, fly ash and different characterization methods of
materials.

2.1. Cement
Cement is a material with the ability to bond mineral fragments into a solid whole because of
the adhesive and cohesive properties of cementitious materials. The production of cement
dates back to the ancient Romans (MacLaren & White, 2003). The main ingredients of
Rome’s cement were lime, volcanic ash and crushed clay (MacLaren & White, 2003). The
knowledge of cement mixtures started to increase in the late eighteenth and early nineteenth
century. Joseph Aspdin is credited with the development of modern cement because of his
patent for the process of making Portland cement in 1824 (Oss & Padovani, 2003).
The manufacturing of cement was common by the start of the 20th century. However, it was
still known as an art rather than a science (MacLaren & White, 2003). Despite the very
incomplete data about the world’s cement production, it was never more than 100 Mt per year
before World War One. During the First World War (1914-1918) the production of cement
declined drastically and remained at a low level until the end of Second World War in 1945.
After that, the world’s cement production increased considerably due to the high demand for
cement for post-war reconstruction. In 2002, the world’s cement output exceeded 1600 Mt
(Oss & Padovani, 2003). Figure 2-1 shows trend of cement production in different parts of
the world from 1930 to 2000.
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Figure 2-1: Production of cement, by region, 1930-2000 (Oss & Padovani, 2003)

Figure 2-1 shows that Asia experienced the largest growth in the production of cement.
Currently, Asia produces more than half of the world’s output and possesses the highest rate
of potential growth (Oss & Padovani, 2003).
The first cement standard was introduced in ASTM in 1904. After that, in 1906 a broad
investigation about cement commenced at the laboratory of the Carnegie Institute (Maclaren
& White, 2003). There are different kinds of cement available in the market with Portland
cement as the most common one (Oss & Padovani, 2003).

2.1.1. Chemical Composition of Portland cement
A typical Portland cement consists of 63% calcium oxide, 20% silica, 6% alumina, 5%
gypsum and 3% iron oxide (Maclaren & White, 2003). Table 2-1 shows the oxides existing
in cement with their chemical symbols (Mindess & Young 1981).
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Table2-1: The oxide composition of a typical Portland cement (Mindess & Young 1981)

Oxide
CaO
SiO2
Al2O3
Fe2O3
MgO
K2O
Na2O
SO3
CO2
H2O

Notation
C
S
A
F
M
K
N

Common Name
Lime
Silica
Alumina
Ferric oxide
Magnesia
Alkalis
Sulphur trioxide
Carbon dioxide
Water

H

Weight Percent
63
22
6
2.5
2.6
0.6
0.3
2.0

These oxides react with each other in the kiln to form the four main contents of cement which
are listed in Table 2-2 (Neville, 1997).
Table 2-2: Four main elements of Portland cement (Neville, 1997)

Name of compound

Oxide composition

Abbreviation

Tricalcium silicate

3CaO.SiO2

C3 S

Dicalcium silicate

2CaO.SiO2

C2 S

Tricalcium aluminate

3CaO.Al2O3

C3 A

Tetracalcium aluminoferrite

4CaO.Al2O3.Fe2O3

C4AF

The presence of C3S and C2S is necessary for concrete's strength. C3S is responsible for the
early strength of concrete while C2S is responsible for the long-term strength. The reason is
that C3S hydrates and sets faster than C2S. (Oss & Padovani, 2003).

2.1.2. Manufacture of Portland cement
Generally, the process of cement manufacturing relies on the heating of the calcareous
material mixtures (usually limestone or chalk) and silica (usually clay or silt) up to 1450oC.
The burning of the mixture occurs in a large rotary kiln (Neville, 1997).
The kiln consists of a long steel tube with an internal diameter of 3.5m to 5.5m (Oss &
Padovani, 2003). The inclined kiln is lined with refractory brick and rotates about its long
axis at about 60 to 200 rev/h (Mindess & Young 1981). The materials are added to the kiln
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from its upper end and become gradually heated while passing into the lower end (Oss &
Padovani, 2003).
In the kiln, calcium silicates are produced by a set of chemical reactions (Oss & Padovani,
2003). In the high temperature, the materials sinter and partially fuse to form gray porous
balls known as clinker. The term “clinker” was used first in the nineteenth century in the coal
industry to describe the stony material which was produced by burning of coal (Maclaren &
White, 2003). After cooling the clinker, a certain amount of gypsum is added to the clinker to
prevent the flash setting of cement (Neville, 1997). A typical Portland cement contains 95%
clinker and 5% gypsum (Worrel et al. 2001). Figure 2-2 and Figure 2-3 illustrate the
schematic outline of producing cement.

Figure 2-2: A schematic outline of cement production (Nawy, 2008)

As Figure 2-2 shows, there are four main distinct processes in the kiln including: evaporation,
calcination, clinkering and cooling (Mindess & Young 1981). The mixture of calcium
carbonate (limestone), quartz, clay and water are heated. (MacLaren & White, 2003). The
exhaust gasses at the top end of the kiln heat the mix up to 240-450oC. At this temperature
the free water evaporates. Then, the temperature quickly rises to above 700oC at which point
the limestone begins to decompose to form CaO and CO2 (calcination) (MacLaren & White,
2003). The amount of CO2 produced by making cement is described in section 2.3.7 in more
detail. More than half of the length of kiln is allocated to calcinations (Mindess & Young
1981). After calcination, the clinkering part starts where the materials are heated up to
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1200oC to form C2S by reaction of CaO and silica (SiO2). At this stage, calcium aluminate is
also produced as a result of reaction of CaO and aluminate. Eventually, at the temperature of
1450oC tricalcium silicate is formed with small amount of dicalcium silicate, aluminate and
aluminoferrate phases (Maclaren & White, 2003). The clinkering part which is the hottest
part of the kiln extends about one-quarter of the kiln. The materials are kept 15 to 45 minutes
in this zone and then go through a rapid cooling zone. The resulting material exits the kiln as
clinker. The Portland cement is the combination of clinker and small amount of gypsum
(CaSO4).

Figure 2-3: Schematic view of the conditions and reactions in kiln (MacLaren & White, 2003)

Tetracalcium aluminoferrite (C4AF) is an important ingredient in making cement. (C4AF)
lowers the required temperature required to form C3S. Several days are needed to form C3S at
temperature of 1200-1500o which is not economical. C3S can be formed at higher temperature
of 2200oC which is not practical (MacLaren & White, 2003). The reaction of the mixture
with alumina and iron oxide results in production of tetracalcium aluminoferrite. The gray
color of Portland cement is also because of this mineral (Oss & Padovani, 2003).

2.1.3. Hydration of Portland cement
Mixing Portland cement and water leads to a set of complex reactions called hydration. The
resulting products are known as hydration products. The hydration products are responsible
for final hardening of cement and the strength of concrete (Mindess & Young 1981).
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Generally, two main hydrations occur when cement is mixed with water: calcium silicate
hydrates and tricalcium aluminate hydrates. The hydrations of calcium silicates (C3S and
C2S) are more important as they are responsible for the strength of the concrete (Neville,
1997).
There are lots of factors affecting the hydration rate of cement including: the phase
composition of clinker, the curing temperature, the specific surface area of the mixture, the
presence of foreign ions, the initial water/cement ratio, and the presence of additives
(MacLaren & White, 2003). Figure 2-4 illustrates the hydration of main elements in cement
which shows that C3A and C3S are the most reactive compounds in cement while C2S has the
slowest rate of hydration. Therefore, C3A contributes to the early and C2S (belite) to the longterm strength of the concrete (Mindess & Young 1981).

Figure 2-4: The rate of hydration of components in cement (Mindess & Young 1981)

2.1.3.1.Calcium silicate hydrates
C3S undergoes a number of rapid reactions once the cement is mixed with water. There are
some oxygen ions on the surface of C3S which react with the protons existing in the water.
This reaction leads to the production of hydroxide. Then, hydroxide reacts with Ca2+ to
produce calcium hydroxide as can be seen in Equation 2-1 and Equation 2-2 (Maclaren and
White, 2003).
Equation 2-1
Equation 2-2

Where (aq) stands for aqueous solution, (s) stands for solid and (l) stands for liquid.
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The exact reaction of C3S depends on the amount of water incorporated (Hendrik, Oss, &
Padovani, 2002). However, following equations are the typical hydration reactions
(MacLaren & White, 2003):
Equation 2-3

The hydration reactions for both calcium silicates can be written more simply as (Neville A.
M., 1997):
2C3S + 6H (Water)

C3S2H3 (Tobermorite gel) + 3CH (Lime)

Equation 2-4

2C2S + 4H (Water)

C3S2H3 (Tobermorite gel) + CH (Lime)

Equation 2-5

Tobermorite ‘CSH’ gel is responsible for hardening of cement. Most of the lime will remain
unreacted after the hydration of the cement. The unreacted lime is able to activate any further
pozzolans, like fly ash, slag or silica fume, added to the cement (Oss & Padovani, 2003).
The rate of hydration of C3S is not constant. Figure 2-5 shows the degree of C3S hydration in
time (MacLaren & White, 2003). After an intense and rapid hydration of C3A at first, a layer
of ‘CSH’ gel will cover the unhydrated C3S. This is the reason that the rate of hydration
reduces and after that, very little hydration takes place. This stage is called the dormant
period. Finally, the pressure of hydration products breaks the coating on the surface of
unhydrated C3A and the reaction speeds up again (Neville, 1997). at this stage, C3S hydrates
rapidly followed by a slow hydration of C2S. Calcium hydroxide starts to precipitate out in
crystalline form when it reaches its maximum concentration in the solution which is called
crystalline Portlandite (MacLaren & White, 2003). Eventually, the diffusion of ions through
the pores in the hydration products becomes the controlling factor and makes hydration rate
to slow down (Neville, 1997).
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Figure 2-5: Hydration of C3S (Neville, 1997)

In conclusion, the hydrations of both the calcium silicates are vital in terms of hardening and
strength of concrete. C3S reacts and hydrates faster than C2S. This is the reason that C3S is
responsible for the early strength of concrete while C2S contributes to the long-term strength
(Oss & Padovani, 2003).
2.1.3.2.Tricalcium Aluminate Hydrate
Although only a small amount of C3A (6-10%) is found in a typical Portland cement, its
behavior during the hydration of cement makes it of interest. Assuming the final product of
hydration of C3A is cubic crystal C3AH6, the reaction for hydration of this material can be
written as Equation 2- 6:
Equation 2-6

The hydration of C3A is very violent and instantaneous. This causes a rapid stiffening of the
cement (flash set). Gypsum (CaSO4) is added to cement to prevent flash set (Oss & Padovani,
2003). Gypsum reacts with C3A to create different forms of aluminate and sulphoaluminate
phases. These reactions slow down the hydration of C3A (Maclaren & White, 2003). The
hydration of C3A is also retarded by means of Ca(OH)2 liberated from hydration of calcium
silicates. Ca(OH)2 reacts with C3A and water and forms C4AH19 which covers the surface of
unhydrated C3A (Neville, 1997).
Broadly speaking, the presence of C3A in cement is not desirable. The reason is that during
sulphate attack, expansion will occur because of the

produced from hydration of C3A

which in turn causes disruption of hardened paste. Sulphate attack occurs when sulphate salt
from outside reacts with calcium aluminate hydrates and forms calcium sulphoaluminate.
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Formation of sulphoaluminate causes 227% expansion of concrete which causes gradual
disintegration of concrete (Neville, 1997).
2.1.3.3.Heat of Hydration
The reactions during the hydration of Portland cement are all exothermic. This means that an
amount of heat is liberated during the hydration process. This is the reason that concrete
warms up during the hardening and setting of cement (Mindess & Young 1981). The heat of
hydration is defined as the quantity of heat (in joules per gram of unhydrated cement) which
liberated from the hydration of cement at a certain temperature. In practice, the rate of heat
evolution is more important than the total amount of heat liberated (Neville, 1997). A typical
value of heat of hydration is about 1 kJ/kg (Orchard, 1979).
Generally, for a typical Portland cement, about one-half of the total heat is liberated between
1 and 3 days, about three-quarters in 7 days, and 83 to 91 per cent of the total heat in six
months. The hydration heat of cement depends on its chemical composition. It is calculated
roughly by summing the heats of hydration of the individual compounds when hydrated
separately (Neville, 1997). Table 2-3 shows the hydration characteristics of the cement
compounds.
Table 2-3: Characteristics of hydration for cement’s compounds (Mindess & Young, 1981)

Compounds

Reaction rate

C2 S
C2 S

Moderate
Slow

Amount of heat
liberated
Moderate
Low

C3 A
C4AF

Fast
Moderate

Very high
Moderate

Strength
High
Low initially,
High later
Low
Low

Rate of Heat
Liberation
High
Low
Very high
Moderate

2.2. Concrete
Concrete is one of the most widely used construction material worldwide in terms of volume
due to being easy to use and possessing good strength and durability (Damtoft, et al. 2008).
Concrete is used in majority of structures from highways and bridges to buildings and dams.
Concrete is a complex material made by a mixture of water, cement, sand, coarse aggregates
and fine aggregates, with or without admixtures (Nawy, 2008).
Due to the increasing awareness of environmental effects and natural resource depletion,
sustainable development of concrete buildings has become a growing concern for concrete
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producers worldwide (Chen, et al. 2010). Developing concrete composition by using
supplementary cementitious materials is one the positive contributions to the sustainable
development of concrete. Supplementary cementitious materials are cement replacement
materials which react with calcium hydroxide. Examples are fly ash, granulated blast furnace
slag, natural pozzolans, and silica fume (Damtoft, et al. 2008). This study will examine the
partial replacement of cement by fly ash in concrete. Fly ash may affect many properties of
concrete. According to literature, the most important effects of fly ash would be on the
compressive strength and air entraining of concrete. This is the reason that this research
examines the effects of fly ash on strength and air entraining of concrete. The effects of fly
ash on drying shrinkage and workability are also examined. The following sections are a
brief description of the mentioned properties of concrete.

2.2.1. Compressive Strength of Concrete
Concrete is primarily known for its compressive strength (Nawy, 2008). The strength is
gained by a set of chemical reactions between water and cement (hydration) which has been
described previously. The paste resulted from hydration of cement binds the aggregates into a
solid-rock like mass. Concrete gains its early strength through the first few hours as the
cement slowly reacts with water (Nawy, 2008). Table 2-4 shows different grades of concrete
in terms of compressive strength according to AS 1379-2007.
According to AS 1012.9-1999 the compressive strength of concrete is specified after 28 days
of having been cured in a water tank. The reason is that after 28 days, concrete gains most of
its strength (Alilou & Teshnehlab, 2003). This is why the specified value of the characteristic
compressive strength of concrete ( ) is considered at 28 days (AS 1379-2007)
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Table 2-4: Standard Strength grade of concrete extracted from (AS 1379-2007)
Standard Grade
Design characteristic compressive strength after 28
days of standard curing ( ) MPa
20

20

25

25

32

32

40

40

50

50

65

65

80

80

100

100

There are some factors affecting the compressive strength of concrete such as water/cement
ratio, temperature and pore structure of concrete (Nawy, 2008). The water/cement ratio is the
main factor that affects the compressive strength of concrete (Shamsai, et al. 2012). A
concrete with lower water/cement ratio possesses a higher compressive strength, i.e., a
decrease in the amount of water in the paste, increases the compressive strength of concrete.
Table 2-5 illustrates a conservative relationship between concrete's final strength and
water/cement ratio (Nawy, 2008). As the table shows, concrete with the highest value of w/c
ratio (0.59) possesses the lowest value of compressive strength (21 MPa).
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Table 2-5: Relationship between water/cement ratio and compressive strength of concrete
(Nawy, 2008)

Water/Cement Ratio
Non-Air –Entrained Concrete

Air-Entrained Concrete

41

0.41

.............

34

0.48

0.4

28

0.57

0.48

21

0.68

0.59

Compressive strength at 28
days (MPa)

The compressive strength of concrete increases overtime. For instance, for concrete cast and
cured at a base temperature of 73oF (23oC), the 7-day compressive strength is roughly 75% of
the 28-day compressive strength (Nawy, 2008).
One of the most effective factors on the compressive strength is the ambient and curing
temperatures. As the temperature rises, the setting time decreases. This means that the early
strength of concrete improves with an increase in temperature. For example, a concrete cast
and cured at 32oC has a 3-day strength equal to the 7-day strength of concrete cast and cured
at 23oC. It is observed that for each 10oC change from the base temperature of 23oC, a 50%
change in setting time would be the result (Nawy, 2008).
The other factor that slightly influences the compressive strength is the air voids in concrete.
Air voids in concrete include entrapped air, capillary pores, gel pores and entrained air if
present (Neville, 1997). Air voids may have an adverse effect on the strength of concrete. The
reduction in compressive strength of concrete is proportional to the amount of air entrained.
The effect of the amount of entrained air on the compressive strength of concrete is shown in
Figure 2-6. Entrapped air is usually eliminated by correct vibration of the liquid concrete
(Gambhir, 2009).
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Figure 2-6: Effect of entrained air on compressive strength of concrete (Gambhir, 2009)

2.2.2. Workability
2.2.2.1. Definition of Workability

A workable concrete is defined as a concrete which can be readily placed, handled,
compacted and finished (Neville, 1997). More accurately, workability can be defined as the
amount of required energy or mechanical work to provide a fully compacted concrete without
segregation (Mindess & Young 1981). The latter is a more useful definition as the final
strength of concrete is highly dependent on the degree of compaction. A large reduction in
strength of concrete could happen by an increase in void content of concrete (Mindess &
Young 1981). Generally, 5% of voids reduces the strength of concrete roughly 30%.
Compaction by ramming or vibration is the process by which the entrapped air is removed
from concrete mix (Neville, 1997).
2.2.2.2.Factors Affecting Workability
There is a number of factors that affect workability of concrete such as water content of the
mix, and temperature. The following sections will describe each factor separately.
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 Water Content of the Mix
Water content of concrete is the most important factor affecting the workability of concrete
(Neville, 1997). A concrete with a higher level of water content is more workable compared
to dryer concrete. When water is added to a concrete mix, the particles absorb water on their
surface area and fill the spaces between them. Thus, water can act as lubricant between
particles which improves workability of concrete (Mindess & Young 1981).


Temperature

Both evaporation and hydration rates increase when temperature rises. Thus, more water is
required to maintain the concrete workable in warm weather. This is why an increase in
temperature will decrease the workability of concrete (Figure 2-7).

Figure 2-7: Relationship between slump and temperature of concrete made with two maximum
sizes of aggregates (Mindess & Young 1981)

2.2.2.3.Measurement of Workability
There are a number of tests which measure the workability of concrete such as slump test (the
most popular), compaction factor test, Vebe test and flow test. Though, there is no single
acceptable test which directly determines the workability of concrete (Neville, 1997). Slump
test is the oldest method to measure the workability of concrete and many people accept
slump as the best measurement of workability (Mindess & Young 1981). In Australia, slump
test is done according to AS1012.3.1-1998.
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2.2.3. Shrinkage
Generally, concrete shrinkage is not desirable in terms of serviceability and durability.
Depending on the age and degree of hydration in concrete, there are different kinds of
shrinkage including plastic shrinkage, drying shrinkage and carbonation shrinkage. However,
drying shrinkage is usually responsible for the occurrence of cracks in concrete. These cracks
are typically observed in pavements and slabs. Though, the shrinkage cracks can reduce the
concrete's strength considerably, contractors give minor consideration to preventing these
cracks (Nawy, 2008). This research examines the effects of fly ash on drying shrinkage of
concrete.
Various shrinkage mechanisms change the volume of concrete in different ways. Each of the
mechanisms has its own potential to crack concrete and reduce its durability. For example
Figure 2-8 shows a typical crack caused by plastic shrinkage. As this study focuses on the
effect of fly ash on drying shrinkage, the following section gives a brief explanation of the
drying shrinkage mechanism, and then the factors affecting drying shrinkage of concrete.

Figure 2-8: A typical plastic shrinkage crack (Kosmatka, et al. 2002)
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2.2.3.1.Drying Shrinkage
According to AS 1012.13-1992, drying shrinkage is the reduction in the volume of concrete
caused by loss of water. When concrete is exposed to dry ambient air, it starts to lose water
held in the large capillaries in the hardened concrete. The loss of this water does not cause
any significant change in the volume. As drying continues, the water in small capillaries and
gel pores is lost. The loss of this water causes an increase in tensile stress in the residual
water. Since the tensile stresses of water in capillaries are in balance with the compressive
stresses in the surrounding concrete, the concrete starts to shrink. Figure 2-9 illustrates the
relationship between the weight of water lost and shrinkage (Neville, 1997).

Figure 2-9: Relation between shrinkage and loss of water from specimens of cement pulverised
silica pastes cured for 7 days at 21oC and then dried (Neville, 1997)

The water content is one of the most important factors that affects the rate of shrinkage of
concrete. The higher the amount of water content, the higher the amount of shrinkage in
concrete. The twin influence of water/cement ratio and aggregate content is combined in
Figure 2-10 (Neville A. M., 1997).
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Figure 2-10: Influence of water/cement ratio and aggregate content on shrinkage (Neville, 1997)

2.2.4. Air-Entraining
The presence of a proper amount of air in concrete improves its plastic properties such as
workability, durability, placing and finishing, resistance to frost action, and reduces bleeding
and segregation. There are two kinds of air voids in concrete: entrained air and entrapped air.
Entrained air is intentionally incorporated air in form of millions of small spherical bubbles.
Entrapped air is the result of insufficient or poor compaction. Entrapped air is non-uniformly
distributed along the contours of aggregate surface. These air voids may be in any shapes and
sizes ranging from 0.01mm to 1.0mm or more. Entrained air bubbles are much smaller than
entrapped air ranging from 0.05 to 0.25mm evenly distribute throughout the concrete mix
(Gambhir, 2009).
Air Entraining Agent (AEA) is added to the concrete mix to produce a controlled amount of
entrained air without any significant effects on the setting time or hardening rate of concrete.
AEA reduces tension on the water surface and enables water to hold more amount of air
during agitation. The air bubbles act as fine aggregate of low surface friction which causes a
reduction in interaction between solid aggregates. The reduced interaction improves
workability, avoids segregation and bleeding, and improves finishing quality of concrete
(Gambhir, 2009). Depending on the mix design and material, a 15 to 50 mm increase in
slump happens when 5% of air is entrained (Mindess & Young 1981)). The structure of airentrained concrete is shown in Figure 2-11 (Gambhir, 2009).
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Air-entrainment, while improving durability and plasticity of concrete, may have an adverse
effect on strength which is described in section 2.2.1 Therefore, there is an optimum amount
of entrained air. The strength of concrete is severely reduced by excessive amounts of air
entrained (Mindess & Young, 1981). The optimum amount of air content in concrete is 4-6%
by volume of concrete and optimum dosage of AEA is 1% by mass of cement
(Christodoulou, 2000).

Figure2-11: Structure of air-entrained concrete (Gambhir, 2009)

The effects of an AEA on concrete were first found accidentally in America when beef tallow
was incorporated with concrete to make it more durable (Neville 1997). Now many countries
use AEA to improve workability and frost resistance of concrete (Orchard, 1979). The main
types of air-entraining agents are (Neville, 1997):
(a) Natural wood resins and their soaps.
(b) Animal and vegetables fats and oils such as olive oil or tallow.
(c) Wetting agents such as alkali salts of sulphonated or sulphated organic compounds
There are some factors which affect the amount of air entrained such as fineness of cement.
The effectiveness of air entraining decreases when the fineness of cement increases.
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Incorporating some additives like fly ash also affects the air entrainment of concrete. For
example tests show that fly ash blended concrete has an entrapped air content reduced by 0.51% due to the influence of fines (Wesche, 1991). The effects of fly ash on air entraining is
discussed more in detain in Section 3.3.

2.3. Fly Ash
2.3.1. Introduction
Fly ash is a by-product of coal combustion process in power stations. In the power stations,
coal is pulverized to a very fine powder after it is fed to a series of mills. The powder is used
to combust the coal to produce heat. The heat generated is then used to produce required
steam for the generation of power. During the combustion process, some glassy alumino
silicate spheres are created which are collected downstream by either electrostatic or
mechanical precipitation. Fly ash significantly improves concrete performance in different
ways and also provides many benefits in cement and non-cement applications.
The following sections give a brief background about different features of fly ash and then its
effects on the properties of concrete.

2.3.2. Coal
The production of fly ash has increased in the past few decades as a result of growing
demand for coal. In 2008, 6.7 billion tons of coal was produced and consumed worldwide
which was a 5.2% growth rate per year since 2000 (Australia Energy Resource Assessment,
2010). China was the largest producer (40%) followed by United States (16%), India (8%)
and Australia (7%). In Australia, from 2000 to 2008, production and consumption of coal
increased with an annual rate of 3.3% and 1.6% respectively. New South Wales and
Queensland were the largest producers. In 2010, three quarters of Australia’s electricity was
generated by burning coal. (Australia Energy Resource Assessment, 2010).
This section briefly describes the different kinds of coal in the world and more specifically in
Australia.
Coal is a combustible sedimentary rock formed by the process of “Coalification”.
Coalification is the process by which ancient vegetation is consolidated between other rocks
and transformed by the effects of microbial action, pressure and heat over a considerable time
span. Coal is formed in layers of different thicknesses ranging from a few millimeters to tens
MohammadAmin NamaziRad

University of Wollongong

Page 24

Investigation into Properties of Unburned Carbon in Coal Combustion Fly Ash

2012

of meters. The main constituents of coal are carbon (50–98 per cent), hydrogen (3–13 per
cent) and oxygen, and small amounts of nitrogen, sulphur, water and other inorganic
elements. When burnt, coal releases heat which can be utilized for different purposes. This
heat is used in power generation, metallurgical applications and steel manufacturing
(Australia Energy Resource Assessment, 2010).
Coal is broadly categorized into black and brown which have different applications. Brown
coal (Lignite) usually possesses of high ash content with a low level of energy while black
coal has a higher energy content (Australia Energy Resource Assessment, 2010). Figure 2-12
shows the amount of each coal produced in 2008 worldwide.

Figure 2-12: Black and brown coal production, major countries, 2008 (Australia Energy
Resource Assessment, 2010)

Brown and black coals are categorized into five sub-groups based on the pressure,
temperature and time of creation. The stages of forming coal starts with the peat followed by
lignite, sub-Bituminous, bituminous, and finally anthracite (Hook & Mikael, 2007).

Figure 2-13: Diagrammatic representation of the transformation of peat to brown and black
coal (increasing coal rank) (Australia Energy Resource Assessment, 2010)
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Bituminous and sub-bituminous coals are known as black coal in Australia. Sub-bituminous
is called brown coal in Europe. Table 2-6 shows all categories in Australia and Europe
(Australia Energy Resource Assessment, 2010).

Table 2-6: Coal classification terminology used in Australia and Europe (Australia Energy
Resource Assessment, 2010)

Coal Rank

Australian Terminology

European Terminology

Anthracite

Black Coal

Black Coal

Bituminous Coal

Black Coal

Black Coal

Sub-bituminous Coal

Black Coal

Brown Coal

Lignite

Brown Coal

Brown Coal

The coal which has been subjected to higher temperature, pressure and longer time of
creation has a higher quality. The time that coal is created varies from less than 9000 years
for peat to millions of years for anthracite. Table 2-7 shows the properties of each coal (Hook
& Mikael, 2007).
Table 2-7: Different types of Coal (Hook & Mikael, 2007)

Coal Rank

Carbon

Water Content

Application

Content
Peat

60

>75

small-scale heating

Lignite (Brown coal)

60-71

49-53

large-scale power generation

Sub-Bituminous

71-77

42-49

cement manufacturing &
power generation

Bituminous

77-87

29-42

coal-fired power plants

Anthracite

87-91

8-29

Smokeless fuel

Lower rank subbituminous coals have lower carbon and higher moisture contents and as a
result, lower energy contents. These types of coal and Lignite are mainly used in “Power
Generation”.
Bituminous coal (Table 5.1) has a lower energy content than Anthracite due to its higher
volatile content and lower amounts of fixed carbon. This type of coal is used in power
generation, metallurgical applications, and general industrial uses including cement
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manufacture. Anthracite has the lowest moisture content and the highest carbon content and
consequently, the highest level of energy content. Anthracite is mainly used in the steel and
cement industry. Most of Australian black coals are considered as good quality coals because
of their low ash and sulfur contents (Australia Energy Resource Assessment, 2010).

2.3.3. Properties of Fly Ash
Knowledge of fly ash properties is necessary to identify the best utilisation opportunities and
to minimize the environmental effects during the storage and processing of ash. The
properties of fly ash depend on several factors including: initial coal, age of plant, furnace
type and conditions of combustion in the power plant (Gurba, et al. 2007). The physical and
chemical properties, mineralogy and morphology of fly ash are briefly reviewed in the
following sections.
2.3.3.1.Appearance and Color
The color of fly ash is similar to cement's color which ranges from light to mid-grey.
However, presence of an amount of unburned carbon in fly ash makes it darker than cement
(Gurba, et al. 2007).
2.3.3.2.Physical Properties and Morphology of Fly Ash
The bulk density (mass per unit volume) of fly ash particles ranges from 1,110 to 1,700
kg/m3. However, the density of particles depends on whether the particles are compacted or
not. The typical specific surface area of fly ash particles ranges from 1,000 to 9,400 m2/g
(Gurba, et al. 2007). The sizes of fly ash particles range from less than 1 μm to larger than
300 μm (Gurba, et al. 2007). The types of particles differ from irregular to spherical. Figure
2-14 shows the spherical particles in fly ash taken by Scanning Electron Microscope in a
study conducted by Kutchko & Kim, 2006.
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Figure 2-14: Spherical particles in fly ash (Kutchko & Kim, 2006)

Spherical and round-shaped fly ash particles improve the workability of concrete. These
particles act as lubricant to reduce the friction between aggregates in concrete. Thus, a fly ash
with a higher amount of round-shaped particles is a more ideal fly ash for concrete in terms
of workability (Lee, et al. 2003). Generally, the shape of particles deviates from an ideal
spherical shape as the particle size increases (Shure, et al. 1985). Lots of irregular porous
particles emerge at the higher range of sizes. These particles which are like sponge are
produced because of an incomplete combustion. The majority of these particles are
carbonaceous in origin (Balkema A. 1992) (Figure 2-15).
Schure and his colleagues in 1985 tested different kinds of fly ash to examine the surface area
and porosity of fly ash. Their results showed that the specific surface area of the samples
decreases as the particle size increases from 0 to 75 μm. The particles with a size higher than
75 μm this trend reverses. They claimed that it was because of the porous carbonaceous
particles. Their results are listed in Table 2-8 (Schure, et al. 1985).
Table 2-8: Relation between surface area and particles size in fly ash (Schure, et al. 1985)

Size (μm)

Surface Area (m2/g)

5

1.27

5-10

0.9

10-20

0.63

20-45

0.45

45-75

0.52

75-125

1.10

>125

9.44
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Figure 2-15: Irregular particles in fly ash collected from. These particles are mostly
carbonaceous particles (Kutchko & Kim, 2006)

2.3.3.3.Chemical Properties and Mineralogy of Fly Ash
The composition of fly ash depends on several factors such as initial coal, different
conditions in different power plants and different hours in the same power plant (Orchard,
1979). Generally silicon oxide, aluminium oxide and calcium oxide are the three main
elements of a typical fly ash. These oxides are responsible for the pozzolanic behaviour of fly
ash (Balkema, 1992). About three-quarter of a typical Australian fly ash is of the oxides
mentioned above. There are also other oxides existing in fly ash which are listed in Table 2-9
(Oss & Padovani, 2002).
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Table 2-9: Chemical composition of Australian fly ashes (Oss & Padovani. 2002)

Oxide

Minimum

Maximum

Mean

SiO2

48.1

71

61.1

Al2O3

21.8

30.3

26.2

Fe2O3

0.7

12.2

4.2

CaO

0.1

5.9

1.7

MgO

0.2

1.8

0.9

Na2O

0.1

3.7

0.8

K2O

0.4

2.2

1.1

SO3

0

0.7

0.2

There are two phases in fly ash: amorphous glass and crystalline. The pozzolanic activity of
fly ash is due to the glass phase of fly ash which is comprised of SiO2, Al2O3 and Fe2O3
(Balkema, 1992). The crystalline phase is produced by the reaction of minerals in the initial
coal (Henry, et al. 2004). The crystalline phase generally contains quartz (SiO2), mullite
(3Al2O3.2SiO2), crisobalite (SiO2), magnetite (Fe3O4) and hematite (Fe2O3) (Gurba, et al.
2007).

2.3.4. Fly Ash Classification
There are various schemes of fly ash classification. In the United States the specification
which is used for evaluating suitability of fly ash is ASTM C 618-12, “Standard Specification
for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in Concrete” (Freng &
Clarck, 2011). This specifcation classifies fly ash into two major classes of class C and class
F based on the chemical composition and the initial coal. Generally, class F is the result of
combusting anthracite or bituminous coal while class C fly ash is formed by combustion of
lignite or sub-bituminous. Table 2-10 is extracted from (ASTM C618-08).
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Table 2-10: Chemical composition of class F and class C fly ashes according to ASTM 618-12

Chemical Composition

Class F Fly Ash

Class C Fly Ash

Silicon dioxide (SiO2), Aluminium Oxide

70

50

Sulphur trioxide (SO3), max%

5

5

Moisture content, max%

3

3

Loss on Ignition, max%

6

6

(Al2O3) and Iron oxide (Fe2O3), min%

As the SO3 content of cementitious material in concrete increases, the long-term strength
decreases and drying shrinkage of concrete increases. This is the reason that ASTM 618-12
restricted using fly ash to those with SO3 content of lower than 5% (Zayed, 2004). LOI
represents the amount of carbon in fly ash. As existing carbon is not ideal for concrete in
terms of air entraining, LOI is limited to 6% by ASTM. The effect of carbon on properties of
concrete is discussed later.
The class C fly ash is a pozzolanic and cementitious fly ash because of its high content of
lime (more than 15%). The fineness of class C fly ash is high and it contains low content of
carbon (less than 2%) (Neville, 1997). Class C fly ash has a higher early strength because it
contains a higher amount of CaO compared to class F fly ash. CaO raises the alkalinity of
water which leads to an earlier start of pozzolanic activity of fly ash (Balkema, 1992). In
Australia, the majority of coal combustion products are produced from burning bituminous
and anthracite coal. The result is class F fly ash (Gurba, et al. 2007).
Other countries also have their own standards for fly ash. For example Canadian standards
Association (CSA), classifies fly ash based on the calcium oxide content. Table 2-11 shows
the principles of CSA for classifying fly ash (CSA-A3001).
Table 2-11: Canadian standard for classification of fly ash (CSA A3001)

Class

Common Name

Amount of CaO by Mass

Class F

Low

Less than 8%

Class CI

Medium

Between 8 and 20%

Class C

High

More than 20%
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In Australia, fly ash is classified based on the particle size. Table 2-12 is extracted from AS
3582.1-1998, to show different fly ash classifications in Australia.
Table 2-12: Australian standard for fly ash classification (AS 3582.1-1998)

Loss on Ignition,%

Moisture content,

SO3 content, %

maximum

% maximum

maximum

Fine

Fineness, by mass
passing 45 μm sieve,
%minimum
75

4.0

1.0

3.0

Medium

65

5.0

1.0

3.0

Coarse

55

6.0

1.0

3.0

Grade

2.3.5.Pozzolanic Activity of Fly Ash
Fly ash is one of the pozzolanic materials. Despite the fact that pozzolans are not
cementitious themselves, they are made up of materials that, in the presence of water, will
combine with lime at room temperature. This results in the formation of insoluble compounds
with cementitious properties.
The pozzolanic reactions start only when the glass phase of the fly ash has been dissolved.
This phenomenon only happens at high levels of pore water alkalinity. The alkalinity
increases overtime and it takes a couple of weeks to reach a point that fly ash can react with
cement. In the meanwhile, fly ash serves only as a precipitation nucleus for lime and calciumsilicate-hydrate-gels which are the products of cement hydration.
In the early stages of cement hydration, the pH level of the pore water is less than 13. At this
stage, the main constituent of cement is a saturated lime solution with gypsum. After about 7
days, the pH level starts to increase and the concentrations of lime and sulphate decrease to a
lower level. Meanwhile the concentration hydroxyl, potassium and sodium ions increase
rapidly. The glass phase of fly ash starts to disintegrate at pH level of 13.2 or 13.3. This
means that fly ash delays the setting of cement. This is the main reason that a concrete mix
containing fly has a lower early strength than a normal concrete. The pH level of the pore
water usually declines again after a few months of hardening caused by a decrease in the
reaction rate of fly ash over time (Balkema, 1992).
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2.3.6. Fly Ash Disposal and Environmental Problems
In Australia, the most common method of fly ash disposal is either wet disposal or dry
disposal in an ash dam. The followings are some examples of power station ash dams in
Australia (Delta electricity, 2010):
-

Mt Piper power station fly ash from the bottom of the boiler is collected and trucked
to a nearby disused open-cut mine for dry disposal.

-

Wallerawang power station fly ash and bottom ash is collected and placed at the
Kerosene Vale ash repository which is located 2.5 km north-east of the power station.

-

Vales Point power station fly ash is transported by wet sluicing to an ash dam.

-

Munmorah power station fly ash is disposed of in the Vales Point ash dam.

There are many trace elements (like selenium) in fly ash which can affect the surrounding
environment when it is mobile in the ash dam water. Vales Point power station ash pond is
located near Lake Macquarie (Figure 2-16). It was measured in 1999 that 20-40% w/w of the
sediment in Wyee Bay is composed of fly ash coming from Eraring and Vales point power
stations containing 21-22 μg/g of selenium (Peters, et al. 1999). This is one of the reasons
that the disposal of fly ash in landfill has become important in regards to environmental and
economic objectives (Johnson & Lockert, 2004).
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Figure 2-16: Lake Macquarie and Vales Point area (Peters, et al. 1999)

More than 367 million tons of fly ash were produced worldwide in 1992 with just one third
used (Valer, et al. 2001). In USA, around 70 million tons of fly ash was produced in 2005 and
just 40% was used and the rest was disposed. Similarly in Western Europe, in 2003 total
production of fly ash was roughly 44 million tons with only 17 million tons utilization,
mainly in the cement industry (Valer, et al. 2008).
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Table 2-13 presents an overview of the production and use of fly ash in 13 different
countries. As the table shows, China, India and USA are the largest fly ash producers, with
the substantial amounts being produces in Australia and Canada (Gurba, et al. 2007).
Table 2-13: Fly ash production in various countries (Gurba, et al. 2007)

Country

Year of data

Production, kt

Proportion used, %

Australia

2002

12,500

32

Canada

2002

4,744

21

China

2002

150,000

66

Denmark

2002

729

98

EU15

2002

43,047

89

India

2001-02

100,000

23

Israel

2000

1,300

98

Japan

2002

9,300

83

Netherlands

2003

996

>100

South Africa

2002

22,000

30

UK

2002

5,500

55

USA

2002

76,500

35

In Australia, 12.5 Mt of fly ash was produced in 2005. Around 48.8% of fly ash production
was used, 15.8% for cementitious applications and 33% in other beneficial ways (Gurba, et
al. 2007).

2.3.7. Energy Saving and Carbon Dioxide Reduction
It is estimated that around 5% of global CO2 is attributed to the cement industry. The CO2 is
emitted in cement manufacturing through the burning of fossil fuel and decarbonisation of
limestone (Equation 2-7) (Worrel, et al. 2001).
High temperature is required in the manufacturing of cement to start chemical reactions
between raw materials. This makes the cement industry one of the most energy intensive
worldwide (Abora, et al. 2009). The average energy input required to make one ton of cement
is around 4.7 million Btu (about 4.9 million kJ) which accounts for 2.4% of the global energy
consumption according to US department of Energy. This amount of energy is roughly
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equivalent to burning of 16 million tons of coal every year which produces a huge amount of
CO2 (Portland Cement Association, 2012).
In addition to emission of CO2 from intensive energy, calcination of calcium carbonate (one
of the main components of cement) is the other source of CO2 emission (Equation 2-7).
Equation 2-7
1 kg

0.56kg 0.44kg

Around 65% of clinker is limestone and it can be estimated that 0.5 kg of CO2 is emitted per
1 kg of clinker (Worrel, et al. 2001). Global data from the European Cement Association on
CO2 emission from the manufacturing of cement estimates that 0.8 tons of CO2 is produced
by production of 1 ton of Portland cement (Abora, et al. 2009). Of the whole CO2 emission,
about 60% originates from decomposition of raw materials and lime. The rest is due to
burning fuel to provide the required temperature for the formation of clinker (WBCSD,
2009).
Cement is the most important part of concrete and concrete is the second material after water
in terms of volume produced in the world. Thus, a decrease in the amount of CO2 emitted
from the manufacturing of cement would results in a huge change in the environment. The
net CO2 emission per ton of cement production is shown in Figure 2-17 for different regions
(WBCSD, 2009).

Figure 2-17: Regional average net CO2 emission per ton cementitious (WBCSD, 2009)
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In order to find the best way of fly ash utilization, it is necessary to characterize fly ash to
find out its chemical components and morphology. The following section is a brief
description of the characterization methods used in this study.

2.4. Characterization methods
2.4.1. Introduction
The following sections briefly describe the characterizing methods which are used in this
study to characterize fly ash samples. XRD was used to identify the mineralogy of fly ash and
the SEM was used to examine the chemical composition and morphology of fly ash samples.
The particle size distribution was examined with Mastersizer 2000. Differential Thermal
Analysis (DTA) is also a powerful technique which will be hopefully used in further research
about fly ash.

2.4.2. X-Ray Diffraction (XRD)
Generally, solid materials are divided into two categories of Amorphous and Crystalline. In
amorphous solids such as glass, the atoms are arranged randomly like the disorder existing in
liquids. In the crystalline solids, the regularly arranged atoms can be described by repetition
of smallest volume elements in three dimensions. It is observed that about 95% of all solids
are crystalline. XRD is a very useful technique to examine the crystalline part of materials
(Nuffield, 1966).
XRD is an important instrumental technique in mineralogy which has a wide range of
application in the different fields of science such as environmental science, material science,
chemistry and the pharmaceutical industry. XRD is widely used for identifying, quantifying
and also characterizing of minerals and crystalline materials (Flohr, 1997).
The final result of XRD is shown as a diffractogram which is a graph of intensity against 2θ
where θ is the angle of diffraction. The widths of the peaks present the size of crystallite in a
particular phase. The crystallite size reduces as the width of peaks increase. Therefore, the
crystallite with a larger size has a higher sharp peak. Other information including phase
identity, structural information (atomic arrangement) and quantitative information can be
obtained from diffractogram (Fransen, 2008). Figure 2-18 shows an example of XRD output
which is a analysis of 12.5 mg cm-2 of Benndale soil clay prepared on a glass by Ozalas and
Hajek (Ozalas & Hajek, 1996).
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Figure 2-18: Analysis of a 12.5 mg cm-2 Benndale soil clay prepared on a glass by Ozalas and
Hajek (1996)

There are many thousands of patterns recorded in the ASTM (JCPDS) Powder Diffraction
File. The mineralogy of a sample is examined by comparing its powder pattern with the
known compounds in the data base. (Laing, 1981).

2.4.3. Scanning Electron Microscopy (SEM)
SEM is a microscope that uses electrons instead of light to form an image. As a result, SEM
allows researchers to examine a much greater variety of specimens.
The first electron microscope was made based on the fact that electrons can be guided in a
curve path which can enable the microscopes to magnify images. In 1935 M. Knoll suggested
the idea of making an electron microscope. As a result, M.Von Ardenne built the first
Electron Microscope in 1938 which contributed new possibilities but there were still some
limitations. After that, in 1960 a whole range of magnification was covered by a combination
of light and electron in microscopes. This enabled the scientists to study the super-atomic
world (Hearle, et al. 1974).
Excellent micrographs of a wide range of specimens can be obtained by modern SEM with
the minimum training needed. “The scanning microscope was originally designed for the
visual examination of specimens, using secondary electrons leaving the surface on which the
incident electron probe impinged” (Oatley, 1972).
Great depth of focus, the possibility of direct observation, the ability to zoom down to the
smallest details and the ease of operation are some obvious advantages of using SEM
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(Hearle, 1974). All of these advantages make the SEM one of the most useful instruments in
research today. SEM provides good information about morphology and chemical
composition of materials. Thus, after using XRD to find the mineralogy of fly ash samples,
this research uses SEM to examine the morphology and chemical composition of the samples.

2.4.4. Differential Thermal Analysis (DTA)
Differential Thermal Analysis (DTA) is a technique which measures the temperature
difference

between a sample and an inert material during the heating or cooling

procedure. The result is plotted in a DTA curve with

as the ordinate coordinate and

sample temperature as the abscissa coordinate. The curve shows the thermal result relative to
the zero line. If the reaction is exothermic (requires heat), the curve inclines below the zero
line and conversely, if the reaction is endothermic, the curve slopes above the zero line (Pope
& Judd, 2003). Figure 2-19 represents the principle of a DTA curve (Kloss, 1974).

Figure 2-19: Characteristics of DTA curve (Kloss, 1974)

In this Figure 2-19:


Point A : initial temperature



Point B: amplified initial temperature



Point C: Peak temperature



Point D: Final temperature



Line CE: Temperature difference (



Line AD: reaction temperature range



Line FG: peak width at half height



Shaded area: reaction area



γ: base line shift

MohammadAmin NamaziRad

)

University of Wollongong

Page 39

Investigation into Properties of Unburned Carbon in Coal Combustion Fly Ash

2012

DTA is a very powerful technique for characterizing materials. This technique is not used in
this research, though this is one of the future plans to use DTA for characterizing fly ash.
According to research in this study, a combination of XRD and SEM would be the best way
for characterizing fly ash. XRD is the best way for finding out the structure of fly ash and if
the particles are too small, the size can be estimated by XRD. SEM can complement XRD by
identifying the chemical composition of fly ash. There is also another kind of diffraction
called Energy Dispersive X-ray Spectroscopy which can examine the local chemistry like the
surface chemistry and pore size of carbon on fly ash.
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3. Literature Review
This chapter is a literature review on some research which has been conducted on the effects
of fly ash on the properties of concrete. The literature on the effects of fly ash on the
workability, compressive strength, air entraining and drying shrinkage of concrete is
discussed in this chapter.
The main ingredients of concrete are water, cement, sand, and aggregates. Nonetheless,
“additions” or “admixtures” are sometimes added to enhance some certain properties. Fly ash
is one of the admixtures which is added to the concrete as a partial replacement of cement
(Gurba, et al. 2007).
The production of fly ash dates back to the 1930s just after pulverized fuel boilers were
developed. It was observed that this substance had very close similarities to the volcanic ash
used by the Romans to make concrete more than two thousand years before. However, unlike
volcanic ash, fly ash particles are mostly spherical and this can increase the workability of the
final mix without calling for other admixtures. It also improves concrete’s shrinkage, longterm strength and durability (Gurba, et al. 2007).
Fly ash was first used in Australia in the construction of Keepit Dam in New South Wales.
From then on, fly ash has become an important constituent of concrete in the country as at
this point; most of the concrete manufactured on the eastern seaboard contains fly ash
(Gurba, et al. 2007).

3.1. Effects of Fly Ash on the Workability of Concrete
A workable concrete can be defined as a concrete which can be readily placed, handled,
compacted and finished (Neville, 1997). The main factors that affect workability are the
cement paste, the grading of the aggregates and the amount of water (kg/m 3) in the concrete
mixture. The workability of concrete is increased with an increase in the volume of cement
paste, well graded and rounded aggregates and with a decrease in the amount of water
(Gurba, et al. 2007)
The partial replacement of cement by fly ash can reduce the internal friction between the
ingredients of concrete. This is because of the spherical shape of fly ash particles.
Furthermore, the partial replacement of cement by fly ash generally leads to a decrease in the
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water demand. This is the main reason that using fly ash in concrete increases the workability
of concrete (Erdogdu, et al. 2011).
To study the effects of fly ash on the properties of concrete, Herrera, et al. (2011) tested six
concrete samples, one control sample and five fly ash incorporated samples as follow:
1- Control sample without any fly ash (Control)
2- Concrete with 15% replacement of cement by fly ash
3- Concrete with 30% replacement of cement by fly ash
4- Concrete with 45% replacement of cement by fly ash
5- Concrete with 60% replacement of cement by fly ash
6- Concrete with 75% replacement of cement by fly ash
The results of this study are shown in Table 3-1. results showed that 15-45% replacement of
cement by fly ash increased the slump in the range of 10-40 mm which means that an
optimum amount of fly ash can increase the workability of concrete (Herrera, et al. 2011).
Table 3-1: Results of slump tests on six samples to examine the effects of fly ash on workability
of concrete (Herrera, et al. 2011)

Fly ash %

Unit Weight (kg/m3)

Slump (mm)

0

2350

220

15

2333

250

30

2332

250

45

2308

260

60

2296

250

75

2257

230

In another study, Berndt (2009) prepared five different concrete samples: 1- control mix, 2with a 50% replacement of cement by fly ash, 3- 50% replacement of cement by slag, 4- 70%
replacement of cement by slag, and 5- 25% replacement of cement by fly ash and 25%
replacement by slag. The research aimed to assess the effects of replacement of cement by a
large volume of fly ash or slag on the properties of concrete. The results (Table 3-2) indicated
that the sample containing fly ash possessed the highest workability (Berndt, 2009).
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Table 3-2: Comparison between effects of fly ash and slag on workability of concrete (Berndt,
2009)

Sample

Slump (mm)

Conventional

75

50% FA

170

50% Slag

65

70% slag

60

25% FA / 25% slag

130

In another investigation, Erdogdu, et al. (2011) showed that adding fly ash to concrete results
in the retention of slump during prolonged agitating (Figure 3-1). Prolonged agitation is
inevitable in most of projects at which long delivery times are the case. The reason is that
some of the mixing water evaporates during prolonged agitating. This causes a reduction in
slump which leads to preventing concrete from being placed and consolidated properly. If
concrete is not consolidated properly, it cannot possess enough strength (Erdogdu, et al.
2011).

Figure 3-1: Slump loss measured for at the end of different agitation period (Erdogdu, et al.
2011)

3.2. Effect of Fly Ash on the Compressive Strength of Concrete
The amount of cement used in a concrete mix and the water/cement ratio are the main factors
that affect the strength of the final mix. These two factors are determined by engineers in
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response to the need for workability in the freshly mixed state, strength and durability in the
hardened state, and cost (Nawy, 2008).
In the case of cement replacement by pozzolans, the amount of replacement has to be
carefully calculated as the specific gravity of cement is different by other pozzolans. For
instance, the specific gravity of fly ash is 1.9 to 2.4, compared to 3.5 for cement (Neville,
1997). The specific gravity of a typical Australian fly ash normally ranges from 2.35 to 2.4
(Gurba, et al. 2007)
The strength development of fly ash concrete depends on some properties of fly ash like
(Nawy, 2008):


Chemical composition of fly ash



Particle size of fly ash



Reactivity of fly ash particles

Fly ash is categorized into different classes. Class C fly ash contains high levels of calcium.
Equal-weight or equal-volume replacement of cement by this class does not affect the early
strength of concrete (Nawy, 2008). Generally, concrete containing class F fly ash possesses
lower early strength than normal concrete. The reason is that the early development of
strength is delayed when part of the cement is replaced by fly ash (Gurba, et al. 2007).
Fly ash, being a pozzolan, chemically reacts with free lime. The reaction between fly ash and
lime continues to a point where either fly ash or lime has been completely used up which is
long after cement reactions have been finished. It is because of this fact that the compressive
strength of mixtures with fly ash increases noticeably after the 28th day. “under standard
moist-curing condition the compressive strength of concrete containing fly ash could be
expected to increase by 50% from 28 to 90 days” (Gurba, et al. 2007).
Another important advantage to using fly ash in concrete is its ability to reduce the amount of
heat released by the hydration of the cement. The transformation of CaO to CaOH releases a
considerable amount of heat that in some cases like the construction of dams can be
troublesome. In large concrete pours, this trait of fly ash is the leading reason for its use in the
mixture (Gurba, et al. 2007).
In order to examine the effect of fly ash on compressive strength of concrete, Mohammed
(2011) tested the 28-day strength of concrete mixes with different percentages of cement
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replaced by fly ash. The results showed that the concrete with the highest amount of fly ash
(30%) had the highest compressive strength at 28 days (Figure 3-2). It was concluded from
the results that incorporating fly ash with concrete increases the long-term strength of
concrete (Mohammed, 2011) .

Figure 3-2: Compressive strength of fly ash concrete samples tested by Mohammed (2011)

Erdogdu, et al. (2011) prepared 5 different mixes to examine the effects of fly ash and silica
fume on the slump and compressive strength of concrete: (1) the control mix without any
additive, (2) a mix with 20% fly ash, (3) a mix with 30% fly ash, (4) a mix with 7% fly ash,
and finally (5) a mix with 10% silica fume. The 28-day compressive strengths of all samples
were determined to investigate the effects of these additives on the long term strength of
concrete. The results (Figure 3-3) showed that the mix containing silica fume had the highest
value of strength at the age of 28 days followed by the mix with 30% and 20% fly ash.
Erdogdu et al. (2011) claimed that the reason that the mix with silica fume had the highest
compressive strength is that silica fume is relatively fine mineral compared to cement and fly
ash. Thus, its reactivity is higher than cement and fly ash which contributes to a higher
compressive strength.
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Figure 3-3: 28-days compressive strength of samples prepared by Erdogdu et al. (2011)

In another study, Toutanji, et al. (2004) tested different concrete mixes with different
additives to examine the effects of additives on the early (14-days) strength of concrete. All
the mixes are shown on Table 3-3.
Table3-3: Mix proportions used in Toutanji et al. (2004) tests

After 14 days of curing in water tank, the compressive strengths of all the samples were
determined. As Figure 3-4 Shows, the addition of fly ash reduced the early strength of
concrete. This is because of the slow pozzolanic reaction of fly ash which needs more curing
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time to get sufficient compressive strength. The results show that the addition of 30% fly ash
reduced the 14-day strength of concrete by around 50% (Toutanji, et al. 2004).
All the results show that fly ash will decrease the early strength of concrete. Though, after 28
days an increase in strength will be seen in concrete containing fly ash. The research done in
this thesis examines the effects of fly ash on the compressive strength at both early (7 days)
and long term (28 days) ages.

Figure 3-4: Compressive strength performance of samples prepared by Toutanji et al. (2004)

3.3. Effects of Fly Ash on Air-Entrainment
The presence of residue unburned carbon in fly ash can make it unsuitable for concrete (Gao,
et al. 1997). The unburned carbon can affect the color of concrete (discolouration), mixture
segregation and air entrainment in concrete. The last one is the most important effect of
unburned carbon on concrete (Freeman, et al. 1997).
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The carbon content in fly ash tends to adsorb and react with AEA in concrete. This can cause
the instability of air void system in concrete. This is the most important disadvantage of using
fly ash in concrete as a partial replacement of cement (Gao, et al. 2002).
LOI is a test that measures the amount of unburned carbon in fly ash. However, this test
provides no information about the properties of carbon (Freeman, et al. 1997). Lots of
research has been conducted on the different properties of the residual carbon in the fly ash
during the past several years. For example Gao, et al. (1997) concluded that the degree of
interaction between fly ash and AEA in concrete would be increased by decreasing the
median particle size of fly ash (Gao, et al. 1997).
While standards have restricted using fly ash to those with LOI less than 6%, the recent
research shows that the effect of unburned carbon on concrete is due to its properties rather
than its volume. Such properties are specific surface area, particle size and pore structure.
For example Gao, et al. (1997) prepared three fly ash samples with LOI values of 1.5-3.4%.
Fly ash with LOI=1.5% was deliberately derived from an ash obtained under a poor
condition. The specific surface area, particle size distribution and FI of all samples were
determined. FI is a test that measures the degree of interaction between unburned carbon in
fly ash and AEA in concrete. Table 3-4 shows the results of this experiment (Gao, et al.
1997).
Table 3-4- Sample Properties and Foam Index Measurements by Gao, et al. (1977)

Loss on Ignition

N2 BET surface area

Foam index

2

(LOI)

(m /g of carbon)

Fly Ash-1

2

16

0.08

Fly Ash-2

3.3

37

0.44

Fly Ash-3

1.5

134

0.66

Table 3-4 illustrates that fly ash with the lowest value of LOI had a higher degree of
interaction with AEA. Gao et al. 1997 also showed that the particle size of fly ash has a better
correlation with FI rather than with LOI (Figure 3-5).
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Figure 3-5- Correlation between the optical fine particle index and the foam index for three fly
ash samples, including one generated under poor combustion condition (FA3) (Gao, et al. 1997)

In another study, Vanderwerf and Watson (2007) investigated the effects of unburned carbon
in fly ash on the air-entrainment of concrete. The results (Figure 3-6) showed that generally
air entrained in concrete is decreased as the LOI of fly ash increases (Vanderwerf & Watson,
2007).

Figure 3-6: LOI vs. Air content of concrete samples prepared by Vanderwerf & Watson (2007)

Ley, et al. (2008) aimed to evaluate the ability to predict the amount of AEA needed to reach
a certain value of air content in concrete based on the properties of fly ash. Fly ashes from six
different sources were prepared. Four of these fly ashes were collected before and after using
low NOx burner. The LOI, FI and specific surface area of all samples were defined to find the
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best indicator of fly ash competency to be used in concrete. The results are shown in Table 35 (Ley, et al. 2008).
Table3-5: Physical properties of fly ash samples prepared by Ley, et al. (2008)

Sample

ML AEA/100 kg cm

Number

for 6%

LOI

FI, μL AEA/ g

Specific

fly ash

Surface Area
m2/g

1A

93

0.26

3.3

1.6

1B

64

0.39

2.5

1.7

2A

147

0.79

5

4

2B

24

0.63

1

1

3A

50

0.11

1

1.3

3B

32

1.12

1

…………

4A

39

0.07

1

………..

4B

38

0.13

1

0.9

5

31

0.12

1

0.9

6

44

0.35

1

1

Table 3-5 and Figure 3-7 show that fly ash with the highest LOI (1.12) needed the smallest
value of AEA (32 Ml/100 kg cm) to reach 6% air content. The table also shows the effect of
the low NOx burner on suitability of fly ash. All fly ash samples required more AEA after
using a low NOx burner. The results show that specific surface area was the best predictor
amongst the others. As the specific surface area increases the amount of AEA required also
increases (Ley, et al. 2008).
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B

A

C

Figure 3-7: (A) LOI vs. amount of AEA needed to reach 6% air content in concrete, (B) FI vs.
amount of AEA needed to reach 6% air content, (C) BET surface area vs. amount of AEA
needed to reach 6% air content (Ley, et al. 2008)

In conclusion, there is an uncertainty in the relationship between LOI and the amount of
interaction between unburned carbon in fly ash and the required amount of AEA in concrete.
Many standards like ASTM C618-12 and AS 3582.1-1998 restrict using fly ash to those with
LOI less than 6%. Though, there is evidence showing that there is no exact correlation
between LOI and the quality of fly ash. There are lots of research claim that the properties of
unburned carbon (such as specific surface area or particle size) which affect the air
entrainment of concrete, not just the amount of unburned carbon. This study aims to
investigate the correlation of LOI, FI and particle size distribution with the amount of AEA
required for concrete.

3.4. Effect of Fly Ash on the Drying Shrinkage of Concrete
It is known that not only the strength of concrete, but also its durability is important to
increase the service life of the structure. The use of pozzolans such as fly ash increases the
durability of concrete. Drying shrinkage is one of the properties of concrete which influences
the performance of a concrete structure. Drying shrinkage can cause cracking and thus
reduces the ability of concrete to resist chemical attack.
Chindaprasirt, et al (2004) tested the influence of fly ash on the water demand and some
properties of hardened mortar such as compressive strength and drying shrinkage. The results
show that the incorporation of fly ash reduced the drying shrinkage of concrete due to the
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reduced water content of the mix. Ghosh and Timsuk (1981) studied the influences of using
fly ash in concrete on the creep and shrinkage properties and reported that fly ash results in a
reduction in the shrinkage of concrete. The findings of Cripwell, et al (1984) and Nelson, et
al. (1992) supported the results of Ghosh and Timsuk (1981). Atis (2003) also evaluated the
strength and shrinkage properties of concrete containing a high volume of fly ash. He found
that the inclusion of a high volume of fly ash in concrete with a low water to cement ratio
resulted in a reduction in the shrinkage values up to 30%.
This study will also examine the effect of fly ash on the drying shrinkage of concrete to
compare with other results from other studies to make sure that the fly ashes used in this
study are compatible with the standard fly ashes.

3.5. Characterization of Fly Ash
This section describes some research on the characterization of fly ash. There are different
methods of characterization. XRD, SEM and DTA are the most used methods and this section
will briefly shows some example of each method used to characterize fly ash.

3.5.1. XRD and Fly Ash
Williams and Riessen (2010) prepared three fly ash samples to be characterized by XRD.
Four of the samples were collected from Australian power stations in Collie (Western
Australia), Port Augusta (South Australia) and Bayswater (New South Wales). They
examined the bulk composition, crystalline composition and amorphous composition. The
bulk composition was defined by a commercial laboratory in Canning Vale, WA, Australia.
Table 3-6 shows the bulk composition (%) of three samples (Williams & Riessen, 2010).

The uncertainty in Table 3-6 shows the differences between the standard values and the
analyzed. In order to prepare samples for XRD, 3.00gr of fly ash was mixed with 0.3gr of
Fluorite to examine the crystalline phase of fly ash. The following table shows the crystalline
phase (%) composition resulted by an XRD analysis conducted by Williams and Riessen
research (Williams & Riessen, 2010).
As it can be seen in Table 3-7, the main components of the crystalline phase of all fly ashes
were quartz, mullite, hematite and magnetite which were expected.
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Table 3-6- Bulk composition of fly ashes (%) studied by Williams & Riessen, (2010)

Element

Bayswater

Collie

Port Augusta

Uncertainty

Al2O3

23.5

26.6

31.2

0.1

BaO

0.05

0.39

0.08

0.01

CaO

2.26

1.72

5.82

0.05

Fe2O3

4.98

13

3.07

0.02

K2O

1.2

0.9

1.21

0.04

MgO

0.75

1.38

2.6

0.03

MnO

0.06

0.08

0.04

0.02

Na2O

0.23

0.42

3.92

0.05

P2O5

0.26

1.08

1.28

0.02

SiO2

64.79

51.85

47.88

0.08

SO3

0.16

0.3

0.37

0.03

SrO

0.034

0.235

0.055

0.003

TiO2

1.19

1.48

2.1

0.01

LOI

0.39

0.31

0.35

0.05

Table 3-7- Crystal phase composition fly ashes (%) studied by Williams & Riessen, (2010)

Phase name

Bayswater

Collie

Port Augusta

Primary quartz

6.2

7.2

5.1

Secondary quartz

9.3

9

5.9

Mullite

20.9

13.7

17.5

Hematite

1.46

1.9

Magnetite

2

1

Anhydrite

17

Beta
Lime

0.36

0.27
0.36

Maghemite

1.85

0.5

Rutile

0.69

Spinel

2.3

Corundum

0.6

0.62

1

Amorphous

59.3

64

66
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3.5.2. SEM and Fly Ash
The physical and chemical characteristics of fly ash are controlled by the coal, the boiler and
the operating condition. During the combustion process, minerals in coal become fluid at
high temperatures and are then cooled (Clark & Sloss, 1992). Amorphous (non crystalline)
and spherical particles are formed in fly ash during rapid cooling (Kutchko & Kim, 2006).
This section gives an example of using SEM to characterize the morphology and determine
the chemical phases of a random group of fly ash samples from a large number of widely
dispersed sources conducted by Kutchko & Kim, (2006) in the National Energy Technology
Laboratory (NETL). They provided 12 class F fly ash samples from Pulverized Coal (PC)
boilers generated in nine different power stations in four states (PA, WV, MD, and TN) in
America. Table 3-8 represents the results of SEM for the element composition, unburned
carbon concentration and particle sizes of the samples (Kutchko & Kim, 2006).
As the table shows, Si and Al exist more than the other elements in all fly ash samples. The
unburned carbon concentration varied from 1% to 20% and the median particle size varied
from 13 to 64μm. It can be seen from the table that the bigger the particle size, the higher the
unburned carbon concentration (Kutchko & Kim, 2006).
Table 3-8- Element Composition, Unburned carbon concentration and median particle size of
fly ash samples prepared by Kutchko & Kim, (2006)

The sizes observed in that study ranged from less than 1 μm to 200 μm. Figure 3-8 illustrates
the morphological results of such study. In this figure, there are six types of images taken by
SEM. Figure 3-8A shows the typical ash spheres, Fig. 3-8B shows hollow cenospheresin (a
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by-product of coal combustion in power plants) cross-section, Fig. 3-8C shows unburned
carbon particles, Fig. 3-8D shows mineral aggregates (quartz), Fig. 3-8E shows agglomerated
particles in cross section and finally Fig.3-8F shows irregularly shaped amorphous particles
in fly ash (Kutchko & Kim, 2006).

Figure 3-8-Morphological results of investigation by (Kutchko & Kim, 2006)

3.5.3. DTA and Fly Ash
Sarbak and Wachowiak, (2001) provided five different fly ash samples from five different
power plants to characterize them with DTA. Table 3-9 shows the results of this investigation
(Sarbak & Wachowaik, 2001).
Table 3-9-Chemical analysis of fly ash (Sarbak and Wachowiak 2001)

The pore size and surface area of fly ash can also be determined by DTA. Table 3-10
illustrates the result of mentioned study (Sarbak & Wachowaik, 2001).
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Table 3-10-Surface area and pore size of fly ashes (Sarbak & Wachowaik, 2001)

In another study, Karloy, et al. (2007) examined a fly ash sample with XRD, SEM and DTA.
DTA was carried out to evaluate the crystallization properties of fly ash samples. A 50 mg
ground glass powder was heated up to 1100

with a heating rate of 10

⁄

. The

reference material was Al2O3. DTA thermogram is shown in Figure 3-9. The endothermic
peaks represent the glass transition temperature range and exothermic peaks show the
crystallization process (Karloy, et al. 2007).

Figure 3-9-Result of DTA for fly ash sample (Karloy, et al. 2007)
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Therefore, if XRD and SEM cannot determine the exact chemical composition of fly ash,
DTA can be used in order to find the chemical composition, specific surface area, and pore
size of fly ash.

3.6. Conclusion
A brief literature review has been done in this chapter including the effects of fly ash on the
workability, compressive strength, air entraining, and drying shrinkage of concrete. At the
end, some examples of characterizing methods applications have been described.
Literature shows that incorporating fly ash with concrete can improve the workability and
long term compressive strength of concrete while it reduces the early compressive strength.
Meanwhile, research shows that there is an uncertainty in the relationship between LOI and
the amount of AEA needed in concrete. Some research shows that AEA demand depends
more on the properties of unburned carbon in fly ash. This study aims to investigate the
relationship between the properties of fly ash particles and AEA demand in concrete mix.
The particle size distribution would be one of the most important properties affecting AEA
demand. This research examines the relationship of particle size distribution of fly ash, FI and
LOI with AEA demand separately. After that, the effects of fly ash on early and long term
strength and shrinkage of concrete mixes will be investigated.
Before the tests, the fly ash samples were analyzed by XRD and SEM to find the physical and
chemical information about each sample. The methods used in this research are described in
next chapter.
After characterization, concrete mixes were produced in the laboratory to examine the effects
of fly ash on some of the most important properties of concrete including workability, drying
shrinkage and compressive strength.
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4. Methodology and Method
4.1. Introduction
This research aimed to study the effects of fly ash on some important properties of concrete
including workability, compressive strength, drying shrinkage and air entraining. Four
concrete mixes were prepared in the laboratory: one control sample without any fly ash
replacement and three samples with 30% of cement replacement by fly ash. Fly ash samples
were collected from Eraring and Wallerawang power stations. The Wallerawang fly ash is not
used in Australia as cementitious material. The reason for the selection of this power station
was to examine the suitability of its ash and compare it to the ash that Australia is using as
cementitious material. The differences between the fly ashes come from the conditions of
burning coal in power stations. The major difference which is very important in this study is
LOI. Table 4-1 represents the LOI values of fly ash samples used in this study.
Table 4-1: LOI of the fly ash samples, as provided by the manufacturers

Manufacturer

LOI

Fly Ash No.1

Eraring Power Station

1

Fly Ash No.2

Eraring Power Station

3.3

Fly Ash No.3

Wallerawang power
station

4.4

The first concrete mix was the control one without any fly ash incorporated. Sample-2 was
incorporated with fly ash-1 (LOI=1), sample-3 contained fly ash -2 (LOI=3.3) and finally
sample-4 with fly ash-3 (LOI=4.4). The workability, compressive strength, drying shrinkage
and air-content of all samples were examined in the laboratory to study the effects of fly ash
on the mentioned properties of concrete. All the tests were conducted according to the
appropriate Australian standards (Table 4-2).
Fly ash samples were characterized before incorporating into concrete. Morphology (SEM),
mineralogy analysis (XRD), chemical composition (SEM-EDS), LOI (according to AS
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3583.3-1991), sieve analysis (particle size distribution) and foam index test were performed
on all fly ash samples.
Table 4-2: Referenced Australian Standards

Test

Code

Standard Description

Slump

AS 1012.3.1-

Methods of testing concrete- Determination of

1998

properties related to consistency of concreteSlump

Compressive

AS 1012.9-

Methods of testing concrete- Determination of the

Strength

1999

compressive strength of concrete specimens

Drying Shrinkage

AS 1012.13-

Methods of testing concrete- Determination of the

1992

drying shrinkage of concrete for samples prepared
in the field or in the laboratory

Air content

AS 1012.4.2-

Methods of testing concrete- Determination of air

1999

content of freshly mixed concrete- Measuring
reduction in air pressure in chamber above
concrete

The following sections outline the methodology and methods used for the experimental
section of this study: first the characterisation methods, then the mixing of concrete samples
and at the end, the tests on fresh and hardened concrete samples.

4.2. Characterization of Fly Ash Samples
4.2.1. Mineralogy
In order to obtain detailed information regarding the mineralogy composition of fly ash,
XRDs of all samples were obtained. This was done by GBC MMA X-ray diffractometer
available in the laboratory of UOW (Figure 4-1).
The main phases of a typical fly ash are noncrystalline or glass (

) and a small amount

of crystalline material. The four major phases of the crystalline part of fly ash are: quartz,
mullite, magnetite, and hematite. However, the reactivity of fly ash is due to the glass phase.
XRD examines the crystalline phase of fly ash. The glass phases were examined by SEM.
The results are reported in the next chapter.
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Figure 4-1: XRD instrument in UOW

4.2.2. Chemical Composition and morphology
The chemical composition and morphology of all samples were obtained by SEM-EDS using
electron microscopy model JSM-6490LA (Figure 4-2).

Figure 4-2- Scanning Electron Microscope available in UOW

Silicon oxide, aluminium oxide and iron oxide are the most important oxides in a typical fly
ash as they are responsible for its pozzolanic activity, thus, the fly ash with higher amounts of
these oxides perform better. As the quality of fly ash samples is very important in this study,
the chemical composition of fly ash samples was examined in the UOW material laboratory.
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4.2.3. Loss on Ignition (LOI)
The LOI tests were performed on all fly ash samples to conform the information given by the
manufacturer. The LOI tests were done according to AS 3583.3-1991.
The procedure is described in three steps: first to prepare 1 gram of specimen in a crucible,
then the sample is ignited in the furnace at a temperature of 750oC for 1 hour, and finally the
specimen is cooled and weighted. The LOI is calculated by Equation 4-1 (AS 3583.3).
Loss on Ignition=

Equation 4-1

Where m1 is the mass of crucible plus the sample before ignition, m2 is the mass of crucible
and sample after ignition and mc is the mass of crucible.

4.2.4. Foam Index test (FI)
The Foam Index (FI) is a test to estimate the degree of interaction between fly ash and AEA
in concrete. A 70 ml cylindrical bottle is filled partially with 2 grams of fly ash and 25 mL of
water followed by a vigorous agitation for five minutes. After that, 8 grams of cement is
added to the container followed by one minute shaking. The AEA is added by a droplet to the
mix. The amount of AEA needed to stabilize a foam layer for 45 seconds is reported as the FI
of fly ash (Figure 4-3) (GRACE, 2006).

Figure 4-3: Foam index test- (a) the surface is not still stabilized and needs more AEA (b) the
bubbles cover entire surface and surface is stabilized (GRACE, 2006)
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4.3. Concrete Specimens
Four different concrete mixes were batched to provide four different concrete samples. 20
samples were prepared for compressive strength and 12 specimens were provided for drying
shrinkage tests. The volume of concrete required for each batch was calculated based on the
volume of casts needed for each batching. The mix design used in this study is shown in
Table 4-3 for all samples. The slump of the samples are set as 90 20 mm by adjusting the
amount of water added to the mix. The mix used in this study is the typical concrete mix used
in Australia. The mix is for 40MPa because most columns and section in large structures are
40MPa.
For each batch, there were 5 specimens required for compressive strength and 3 specimens
required for shrinkage tests. The air content target was 4% for the batches as the standard air
content of concrete is between 4 and 6%. To increase the air content of mixes, AEA was
added to the concrete to reach 4% air content. This was done by adding AEA by a droplet and
measuring the air content of sample after each addition. The procedure was continued until
4% air content was achieved.
Five air entrainment tests were assumed for each batch. Considering the volume of moulds
required (Table 4-4), and the number of specimens needed and Table 4-3, the amount of each
material needed for each batch was calculated (Table 4-5 and Table 4-6).
Fly ash is routinely used to replace 10% of the cement for the most structural grades of
concrete. Increasingly, 20% cement replacements is being used where clients are more
environmentally aware. While it is possible to use higher percentages (like 30%), there is
reluctance on the construction industry to use fly ash more than 20%. This study used 30%
replacement of fly ash to examine the properties of concrete with high fly ash volume.
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Table 4-3: Mix design for concrete samples

Material

Weight
Control (kg/m3)

30% Fly Ash (kg/m3)

GP cement

350

279

Fly Ash

0

119

20 mm aggregate

720

720

10 mm aggregate

280

280

Coarse sand

563

563

Fine sand

280

200

Water

182

179

Pozz 370C

1050 ml

1194 ml

Table 4-4: Volume of moulds used in laboratory

Test

Mould Volume (m3)

Shrinkage

0.0014

Compressive Strength

0.0016

Air-Content Test

0.007
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Table 4-5: The Amount of materials required for control concrete batch

Material

Amount required

Cement

21 kg

Fly ash

0

20 mm Aggregate

43.2 kg

10 mm Aggregate

16.8 kg

Coarse Sand

33.78 kg

Fine Sand

16.8 kg

Water

10.92 kg

Water Reducer

63 ml

Table 4-6: The Amount of materials required for concrete containing fly ash batch

Material

Amount required

Cement

16.74 kg

Fly ash

7.14 kg

20 mm Aggregate

43.2 kg

10 mm Aggregate

16.8 kg

Coarse Sand

33.78 kg

Fine Sand

12 kg

Water

10.74 kg

Water Reducer

71.64 ml

The mixing procedure for all batches was according to AS1012.2-1994. The procedure is as
follow:
1) The coarse and fine aggregates are added to the batch
2) The mixer is operated for 30 seconds,
3) The Portland cement is added to the mix. If other cementitious material exist in the
test, all the cementitious material should be add together at this stage,
4) The coarse and fine sand is added to the mix,
5) The calculated amount of water is added to the mix at the end before final mixing
6) The mix is started as set out in Figure 4-5.
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Figure 4-4: Concrete batch in laboratory

Figure 4-5- Mixing Procedure according to AS 1012.2-1994
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The following sections describe the tests which have conducted on the samples including
slump, air-content, compressive strength and drying shrinkage tests.

4.3.1. Slump Test
Slump test is the most common test to measure the workability of concrete which is shown in
Figure 4-6. The slump of the samples were set to be 90 20. The test is done according to AS
1012.3.1-1998. The procedure is as follow:
1) Clean the internal surface of the mould,
2) The internal surface of mould should be moistened just before starting the test,
3) The mould should be placed and held firmly on a horizontal and smooth surface.
4) The mould should be filled with concrete in three layers, each roughly one third of the
mould’s height,
5) Each layer should be stroked 25 times with the rounded end of a rod,
6) After the mould is filled by concrete, the mould should be removed vertically in 3
seconds,
7) The difference between the height of the mould and average height of the concrete is
slump. Slump is reported as nearest 5 mm for values less than 100 mm and the nearest
10 mm for values higher than 100 mm.

Figure 4-6: Slump test and properties of mould
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4.3.2. Air-entrainment Test
The air content of each batch was measured after addition of AEA to reach 4% of air
content. The tests were done according to AS 1012.4.2-1999. The instrument (Figure 4-7)
measures the reduction in pressure above the concrete which is directly related to the air
content of concrete. The reduction in pressure is shown on the gauge of the instrument.
The concrete in the apparatus should not be used after the test. The reason is that during the
test, some water is added to the concrete in the instrument and the water should not be added
to the original concrete mix in the batch. Thus, knowing the numbers of air-content tests for
each batch is necessary to calculate the volume of concrete needed for each batch. In this
study 5 air-content tests were assumed for each batch.

Figure 4-7: Typical apparatus for measuring air content by drop in gauge pressure (AS
1012.4.2-1999)
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4.3.3. Drying Shrinkage Test
In this study drying shrinkage tests were conducted on the samples according to AS 1012.131992. Three samples were prepared for shrinkage test from each batch. The standard moulds
for shrinkage test is shown in Figure 4-8. The gauge stud holders used in this study were 2.5
mm in length which caused the total length of the specimens to be 285 mm instead of
280mm. The actual mould used in this study is shown in Figure 4-9.

Figure 4-8: Standard drying shrinkage moulds (AS 1012.13-1992)
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Figure 4-9: Drying shrinkage moulds used in the laboratory

The inside surface of the moulds was oiled to prevent adhesion of concrete to the moulds.
Then the concrete mixes were placed in the moulds in two roughly equal layers. Each layer
was compacted by a tamping bar i.e., each layer was tamped over 35 times to distributed
uniformly over the area of specimen. After the top layer was compacted, the surface of
concrete was smoothed by a wooden float. The specimens were demoulded after 24 hours.
The specimens were cured in the water tank for 7 days. After 7 days all specimens were
removed from the water and were cured in the drying room for 56 days (Figure 4-10).
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Figure 4-10: Drying shrinkage specimens after 7-days curing in water tank

After 7 days of curing in the curing tank, the lengths of all samples were measured using the
vertical length comparator shown in Figure 4-11. The values were taken as day 0. Subsequent
to this measurement, lengths of specimens were determined at 7 days, 14 days, 28 days and
56 days. The results which are reported in the next chapter are the average of three specimens
for each batch.

Figure 4-11: Drying shrinkage specimen length determination
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4.3.4.Compressive Strength Test
The compressive strengths of all samples were determined at ages of 7 days and 28 days according to
AS 1012.9-1999. The standard mould for compressive strength test is 100 200 mm as shown in the
Figure 4-12.

Figure 4-12: Standard compressive strength mould
Similar to shrinkage test procedure, the moulds were oiled first to prevent adhesion of concrete to the
inside surface of the moulds. Then the concrete were placed in the moulds in three approximately
equal layers. Each layer was compacted by tamping bar i.e., each layer was tamped for 25

times and distributed uniformly over the area of specimen. After the top layer was
compacted, the surface of concrete was smoothed by a wooden float.
24 hours after casting, the specimens were removed from the moulds and placed in water in
the curing tank. Specimens were cured in the water tank for 28 days (Figure 4-13). There
were 2 specimen for a 7-day test and 3 specimens for a 28-day test for each batch. Therefore,
there were 20 specimens for all batches.
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Figure 4-13: Compressive strength in curing water tank

After 7 days and 28 days, the compressive strengths of specimens were measured by a
compressive machine in the laboratory (Figure 4-7). For each batch, the average of
compressive strength of specimens is reported for each age.

Figure 4-14: Compressive strength test machine in laboratory
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4.4. Summary and Conclusion
In this study, three 30% fly ash added concrete mixes and one ordinary concrete mix were
produced. The initial slump of all mixes was set at 90 20 by adjusting the amount of water.
The target strength of all samples was 40 MPa.
As far as characterization was concerned in this study, morphology (SEM), mineralogy
analysis (XRD), chemical composition (SEM-EDS), LOI (according to AS 3583.3-1991),
particle size distribution (Mastersizer 2000) and FI tests were performed on all of fly ash
samples.
XRD was done to study different phases of the crystalline part of fly ash samples to ensure all
the samples are compatible with the Australian fly ash standards. SEM examined morphology
and chemical composition of the fly ash samples. SEM was very important in this research
because it examined the glass phase of fly ash which is responsible for pozzolanic activity of
fly ash. LOI tests were performed in the UOW laboratory to ensure all the LOI numbers
reported by sources were correct. Finally, the particle size distribution tests were done with
Mastersizer 2000 to find out the median particle size and specific surface area of fly ash
samples. All these tests were done several times to find best result.
After characterization of fly ash samples, concrete samples were made in laboratory to
investigate the effects of fly ash on the properties of concrete. Four samples were made: 1control mix without any fly ash, 2- concrete with 30% replacement of cement by fly ash
(LOI=1), 3- concrete with 30% replacement of cement by fly ash (LOI=3.3), 4- concrete with
30% replacement of cement by fly ash (LOI=4.4). Slump test, air content test, drying
shrinkage test and compressive strength test were performed on all the samples. The results
are presented in the next chapter.

MohammadAmin NamaziRad

University of Wollongong

Page 73

Investigation into Properties of Unburned Carbon in Coal Combustion Fly Ash

2012

5. Results and Discussion
5.1. Introduction
This chapter presents the results of all experiments done in this study. The results are
organized in three main sections: characterization of fly ash samples, properties of concrete
samples and a discussion of results.
At first, results of fly ash characterizations are described including LOI, Particle size
distribution, FI, chemical composition and mineralogy. Then the main properties
(workability, air content, compressive strength and shrinkage) of concrete mixes produced in
the laboratory will be presented.

5.2. Characterization
5.2.1. Chemical Composition of Fly Ash Samples
The chemical composition of all samples were obtained by SEM-EDS using electron
microscopy model JSM-6490LA. The results shows that all samples have a very high
percentage of combined SiO2, Al2O3 and Fe2O3. The chemical compositions of all three
samples are given in Table 5-1. The results were found by average of chemical composition
in ten different pictures from all over the sample.
Silicon oxide, aluminum oxide and iron oxide are the most important oxides in fly ash as they
are responsible for the pozzolanic activity, thus, fly ash with a higher amount of these oxides
performs better.

5.2.2. Mineralogy
The three main phases of all samples were mullite (Al6Si2O13), hematite (Fe2O3) and quartz
(SiO2). Figure 5-1 to Figure 5-3 shows the presence of these phases in fly ash-1. Generally,
mullite is a combination of Al, Si and O. However there are several kinds of mullite with
different formulas like Al6Si2O13 or 3Al2O3.2SiO2. The Al6Si2O13 was found in all the samples
more than the others. No unusual or unexpected crystalline constituents were found in thus
study.
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Table 5-1: Chemical composition of samples

Chemical

Fly Ash 1

Fly Ash 2

Fly Ash 3

Silicon Oxide, SiO2, %

62.6

63.1

63.85

Aluminum Oxide, Al2O3, %

29.7

25.8

27.44

Iron Oxide, Fe2O3, %
Sum of SiO2, Al2O3, and Fe2O3,
%

3.6

4.57

3.5

95.9

93.5

94.8

Calcium Oxide, CaO, %

2.1

2.2

0.59

Magnesium Oxide, MgO, %

0.9

1.77

0.51

Sodium Oxide, Na2O, %

0.9

1.66

0.55

Potassium Oxide, K2O, %

0.2

0.87

3.55

Total alkalies

1.1

2.53

4.1

Classification

F

F

F

Figure 5-1: XRD pattern of fly ash 1 (mullite)
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Figure 5-2: XRD pattern of fly ash 1 (Hematite)

Figure 5-3: XRD pattern of fly ash 1 (quartz)

The results for other samples were roughly the same as fly ash-1 (the XRD pattern of other
samples are shown in appendix-A). All the samples showed high intensity peaks for quartz
and mullite. The peaks show the relative amount of each mineral. For example, for fly ash-1
the intensity of quartz is more intense compared to other minerals. This means that the
amount of quartz in the crystalline phase of fly ash is more than the other minerals.
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Quartz acts as a filler material and its coarse grains improve resistance to shrinkage cracking.
Thus, a fly ash with a greater amount of quartz acts better in terms of shrinkage. Though, the
effects of quartz and other crystalline phases of fly ash are negligible when it is incorporated
into concrete. Furthermore, if the silicon in quartz can be released, it can improve reactivity
of fly ash and in turn, improve the strength of concrete.
The results are compatible with a typical fly ash which has quartz and mullite as the major
crystalline phases. The results of XRD in this study were the same as previous studies like the
XRD results of Williams & Riessen (2010). They found quartz and mullite as the major
crystalline phases. In another study, Ward & French (2006) characterized a typical Australian
fly ash and found quartz and mullite as the major crystalline phases followed by magnetite,
maghemite and hematite.

5.2.3. Morphology
The morphology of fly ash samples was assessed by SEM. The particle sizes obtained from
observations done in the laboratory varied from less than 1 μm to larger than 200 μm. The
sizes of solid spheres (Figure 5-4A) observed in this study ranged from 1 to 100 μm. The
upper end of the size distribution were hollow cenospheres (Figure 5-4B) and unburned
carbon particles (Figure 5-4C). The irregular particles (Figure 5-4D) which are mostly
amorphous particles may have been due to rapid cooling. Pictures from other fly ash samples
are shown in appendix-B.

Figure 5-4: Morphological analysis of fly ash-3
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Round-shaped particles are ideal for concrete in terms of workability. The reason is that the
spherical particles act like lubricant between irregular and angular particles in cement. This in
turn results in a reduction in water demand. On the other hand, the finer the particles, the
more reactive the particles will be (Balkema, 1992).

5.2.4. Particle Size Distribution
The size distribution and specific surface area of fly ash particles can influence the properties
of fly ash and its effects on the properties of concrete. In this study, particle size distribution
and specific area of fly ash samples were examined using Mastersizer 2000 in the University
of Wollongong. Figure 5-5 shows size distribution of three samples. Figure 5-5 show that fly
ash-1 had the finest particles (with median size of 11 μm) while fly ash-2 had the largest
particles (with median size of 29 μm). Table 5-2 shows the results of Mastersizer including
median particle size, specific surface area and the percentage of particles finer than 45 μm.
The results show that the specific surface area of fly ash particles increases when particle size
decreases which is the same as the previous results obtained from literature. Fly ash-2 with a
specific surface area of 0.6 m2/gr is fly ash with the largest particles compared to fly ash -1
and fly ash-3 with specific surface area of 1.1 m2/gr and 0.7 m2/gr.
Table 5-2: Size distribution of fly ash samples

Fly ash 1

Fly ash 2

Fly ash 3

Median particle size, μm

11

29

22

Specific surface area, m2/gr

1.1

0.6

0.7

Percent finer than 45%

84

67

76
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Figure 5-5: Measured particle size distribution for the fly ash samples employed in the current
study

5.2.5. Loss on Ignition (LOI)
The LOI tests were done in the University of Wollongong to check the values reported by the
sources. Results (Table 5-3) show that the values reported by the companies are roughly close
to the values found in the laboratory of the UOW. Figure 5-6 shows the measured LOI in this
study and the figures reported by the sources.
Table 5-3: Loss on ignition of fly ash samples provided by sources and UOW laboratory

Source

LOI reported by
source

LOI from
UOW

Fly Ash No.1

Earing Power Station

1

1

Fly Ash No.2

Earing Power Station

3.3

3.3

Fly Ash No.3

Wallerawang power
station

4.4

4.5
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Figure 5-6: Loss on ignition of fly ash samples provided by sources and UOW laboratory

5.2.6. Foam Index (FI)
A fly ash with higher tendency to absorb AEA in concrete needs more AEA to form stable
foam. FI does not determine the exact amount of AEA needed for a concrete mix. Though, it
is a good test to compare materials in terms of AEA demand. The results of FI for all fly ash
samples are shown in Table 5-4 and Figure 5-7.
Table 5-4: Foam index results for fly ash samples

Fly Ash Sample

Foam index, ml/2 gr fly ash

Fly Ash-1

0.3

Fly Ash-2

0.45

Fly Ash-3

0.36
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Figure 5-7: Foam index results for fly ash samples

5.3. Properties of Concrete Mixes
The following sections present the results of plastic and hardened concrete produced in the
laboratory according to mix design in Table 4-3. These properties include slump, air content,
compressive strength and drying shrinkage. Air content test is the most important test in this
study as it shows the amount of AEA required for each mix.

5.3.1. Workability (Slump)
The slump values of all samples were in the range of mix design (90 20). The control mix had the
highest slump with the highest water demand. This shows that adding fly ash to concrete decreases
water demand and in turn, increases the workability of concrete. Table 5-5 and Figure 5-8 show the
slump results of all mixes.
Table 5-5: Slump of concrete mixes produced in laboratory
Mix
Slump, mm
Water demand, kg/ batch
Control

100

10.9

Fly Ash-1

95

10.5

Fly Ash-2

90

10.8

Fly Ash-3

95

10.7
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Figure 5-8: Slump of all concrete samples prepared in laboratory

5.3.2. Compressive Strength
In this study, 7-day and 28-day compressive strength of all samples were examined. The tests
were done to study the effects of fly ash on the early and long term strength of concrete, the
effects of LOI on the compressive strength, and finally to examine the competency of the mix
design.
The results (Table 5-6 and Figure 5-9) show that the control mix had the highest value of
both 7 and 28 days strength followed by mix with fly ash-1 and fly ash-3. It was expected
that concrete containing fly ash would have a higher 28 day strength than the control sample.
For each batch, two samples were tested for 7-day strength and three samples for 28-day
strength. Table 5-6 and Figure 5-9 show compressive strength of all samples.

Table 5-6: Compressive strength of concrete samples
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7-days

28-days

Control mix

FA-1

FA-2

FA-3

Sample-1

25

17

20

19

Sample-2

24.6

19.8

15.4

16.8

Average

24.8

18.4

17.7

17.9

Sample-1

32

33.7

26.2

27.6

Sample-2

33.4

30

29.8

31.8

Sample-3

37.2

32.3

28

30.6

Average

34.2

32

28

30

2012

Figure 5-10 shows a sample after the compressive strength test with a 45 degree fracture. The
cap on the top of sample is to make it smooth. Without the cap, the sample would fracture
earlier which causes an underestimation of the compressive strength.

Figure 5-9: Compressive strength of concrete samples (all data are in MPa)
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Figure 5-10: Fracture of concrete samples after compressive strength test

5.3.3. Drying Shrinkage
Figure 5-11 shows the average amounts of shrinkage that occurred for each sample. It can be
seen that the mix with FA-1 exhibited the lowest level of shrinkage over 56 days of exposure
to drying condition. The specimens with FA-2 exhibited the highest level of shrinkage
overall. It can be concluded that adding fly ash to concrete improve drying shrinkage of
concrete. As expected, concrete containing fly ash with the lowest value of LOI performed
better than other mixes. However, concrete with FA-2 performed better than FA-3 which
shows that a fly ash with higher value of LOI could perform better than a fly ash with lower
LOI.
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Figure 5-11: Shrinkage vs. time

5.4. Discussion
This section is a discussion about the results of all tests. In this section, the relationship
between different results will be discussed. At first, the relationship between different
characteristics of fly ash, and then the relationship between properties of concrete samples
and fly ash characteristics will be briefly discussed.

5.4.1. Relationship between LOI, FI and Particle Size
As Figure 5-12 shows, LOI and FI did not exhibit an interconnected relationship. FA-3 with
LOI=4.4 had smaller value of FI than FA-2 which means FA-3 needed less amount of AEA
to form a stable foam surface than FA-2 with LOI=3.3. This shows that unburned carbon in
FA-2 had a higher degree of interaction with AEA which indicates that the amount of
unburned carbon was not as important as the properties of carbon.
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Figure 5-12: Relationship between loss on ignition and foam index of fly ash samples

In this study, fly ash particle size had an interconnected relationship with FI. As Figure 5-14
shows, as the median particle sizes of fly ash samples increase, FI values increase as well.
However, this relationship cannot be seen between LOI and particle size (Figure 5-13). The
results can support the view that fly ash particle size is a better indicator of interaction
between unburned carbon in fly ash and AEA in concrete.
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Figure 5-13: Relationship between loss on ignition and median particle size of all fly ash samples

The results of this study are the same as the results of work done by Gao, et al. (1997). They
found that fly ash with the highest value of FI was not the fly ash with highest LOI. They
found an interconnected relationship between FI and particle size of fly ash samples. It means
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that the degree of interaction between AEA and carbon correlates well with the median
particle diameter or with the measured specific surface areas.
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Figure 5-14: Relationship between foam index and median particle size of fly ash samples

5.4.2. Relationship between AEA Demand in Concrete and Fly Ash
Characteristics
Fly ash with the highest LOI was not the worst fly ash in terms of the effects on the AEA
demand in concrete. This result is very important as it supports the assumption of this study
which claims that LOI is not a good indicator of fly ash competency. FI and Particle size
distribution exhibited a better relationship with AEA demand and other properties of
concrete. The following graphs show the relationship between AEA demand and LOI, FI and
median particle size of fly ashes.
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Figure 5-15: Relationship between loss on ignition and AEA demand

As Figure 5-15 shows, the concrete containing fly ash collected from Wallerawang power
station with LOI=4.4 needed 666 ml/m3 while the concrete containing fly ash from Earing
power station with LOI=3.3 needed 750 ml/m3 to reach 4% air content. This shows that fly
ash with the highest amount of LOI does not necessarily need the highest amount of AEA to
reach a target air content.
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Figure 5-16: Relationship between foam index and AEA demand

The result is in accordance with other published results. For example, Sporel, et al. (2009)
tested seven fly ashes to study the effects of unburned carbon on AEA demand of concrete.
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The results show that LOI was not a good indicator of fly ash quality. FI and specific surface
area had an interconnected relationship with AEA demand of the concrete (Sporel, et al.
2009). In another study, Hill et al. (1997) demonstrated the inadequacy of LOI as an
indicator of FA’s air entraining performance. The air entraining properties of fly ashes were
significantly varied in spite of their similar LOI values, and could be related to the adsorption
properties of the carbon (Hill, et al. 1997). The results of this study also supports the findings
of other studies like LaCount et al. (2001) and Hachman et al. (1998).
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Figure 5-17: Relationship between median particle size of fly ash particles and AEA demand

5.4.3.Relationship between Compressive Strength and Fly Ash
Characteristics
This section will discuss relationship between compressive strength of concrete samples
containing fly ash and LOI, FI and median particle size of fly ashes. As Figure 5-18 to Figure
5-20 show, compressive strength exhibited an interconnected relationship with FI and median
particle size. This shows that LOI was be a good indicator of fly ash behavior in concrete as
fly ash with the highest value of LOI did not have the lowest strength.
It can be seen from graphs that as median particle size of fly ash samples increases
compressive strength of concrete samples decreases. The result was expected because
literature shows that the smaller the particle size of fly ash, the more reactive the fly ash is.
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Figure 5-18 also illustrates that FI increases the compressive strength of concrete would
decrease. This result shows that FI test can be a better indicator of fly ash competency than
LOI.
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Figure 5-18: Relationship between compressive strength and loss on ignition
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Figure 5-19: Relationship between median particle size of fly ash particles and compressive
strength of concrete samples
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Figure 5-20: Relationship between foam index and compressive strength

5.4.4. Relationship between Drying Shrinkage and Fly Ash Characteristics
This section will discuss the relationship between drying shrinkage of concrete samples
containing fly ash and LOI, FI and median particle size of fly ashes. As Figure 5-21 to Figure
5-23 show, drying shrinkage exhibited an interconnected relationship with FI and median
particle size of fly ashes. This shows that LOI was not a good indicator of fly ash behavior in
terms of drying shrinkage as the fly ash with highest value of LOI did not have the highest
shrinkage.
It can be seen from graphs that as the median particle size of fly ash samples increases, the
drying shrinkage of concrete samples increases. Figure 5-22 also illustrates that increasing
foam index increases drying shrinkage of concrete. This result shows that foam index test can
be a better indicator of fly ash competency than LOI.
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Figure 5-21: Relationship between loss on ignition and drying shrinkage of concrete samples
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Figure 5-22: Relationship between foam index and drying shrinkage of concrete samples
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Figure 5-23: Relationship between specific surface area and dryings shrinkage of concrete
samples

5.5. Summary and Conclusion
Fly ash as one of the by-products of coal combustion process in power plants has been used
as cementitious material in concrete for many years in many parts of the world. Partial
replacement of cement by fly ash can enhance some properties of concrete like compressive
strength and drying shrinkage. In this study, the compressive strength at 28 dasy was not
improved by adding fly ash. The quantity of fly ash used was 1:1 replacement. Since the ash
is probably less reactive than the cement, a greater amount of ash should have been used. The
largest sectors which use fly ash in Australia are the cement and concrete industries.
Recent research shows that the degree of interaction between unburned carbon in fly ash and
AEA in concrete does not necessarily depend on the amount of carbon. Suitability of fly ash
for different applications can be determined by its chemical and physical properties. Fly ash
samples from different power stations with different combustion processes have shown wide
variation in their properties. These properties depend on the original coal, combustion process
in the boiler and air pollution control technology in the power plants.
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This study examined the effects of LOI on the amount of AEA demand of concrete to
compare with the other tests like FI. FI test is a test which can measure the degree of
interaction between unburned carbon in fly ash and AEA in concrete.
This study has provided information about the chemical and physical characteristics of fly
ash from two different power stations: Sample 1 and sample 2 from Eraring power station
with LOI=1 and LOI=3.3 respectively and sample 3 from Wallerawang power station with
LOI=4.4. The crystalline phase of samples was examined using XRD, chemical composition
and morphology were studied by SEM and particle size distribution examined with
Mastersizer2000.
A comparison between LOI and FI test showed that LOI measurements did not correlate
strongly with the AEA demand of concrete. FI values showed a satisfactory correlation to the
AEA demand in concrete. It was seen that fly ash with LOI=4.4 needed less AEA than fly ash
with LOI=3.3 which shows that LOI is not a good indicator of AEA demand of concrete.
The effects of fly ash on the compressive strength and drying shrinkage of concrete were also
examined. Fly ash with LOI=1 had the best performance as expected. The interesting point
was that fly ash with LOI=3.3 was not better than fly ash with LOI=4.4 in terms of strength
and shrinkage which again shows that LOI is not an indicator of quality of fly ash.
In conclusion, the results of this study showed that concrete containing fly ash with the
highest value of LOI (4.4) required less AEA than concrete containing fly ash with LOI=3.3.
This shows that there could be an uncertainty about setting LOI as the indicator of fly ash
quality. Currently, standards rely on the LOI in terms of using fly ash. This study aimed to
examine the competency of this factor. As the results show, FI and particle size distribution
exhibited better correlation with AEA demand, compressive strength and drying shrinkage.

5.6. Recommendations for Future Work


The studies and tests in this research were performed on three different samples of
coal combustion fly ash. The results support the idea that fly ash with a lower value of
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LOI is not necessarily better fly ash. Further tests need to be carried out on a larger
number of samples to provide evidence that foam index serves as a better
measurements for the amount of AEA required in concrete. Furthermore, more tests
need to be done to provide evidence that fly ash with a higher value of LOI can act
better in terms of compressive strength and drying shrinkage.


Future tests and comparisons are to be performed on different samples of fly ash with
distinctive properties from different power stations. Moreover, tests and comparisons
need to be done on different samples of fly ash collected from one power station.



Fly ash samples are to be characterized with more complex methods such as DTA.
Pore structure of fly ash samples can be investigated by new equipment in UOW.



UOW will be commissioning new SEM and equipment for accurate assessment of
surface area and porosity. This will give the opportunity to test a greater number of
samples, rapidly.



It is highly likely that this research will demonstrate that certain ashes that are
currently rejected for use in concrete because of adverse LOI levels are in fact
suitable. With a wider study, the applicability of foam index and other measures can
be tested.
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7. Appendix
Appendix A: X-Ray Diffraction

Silicon Oxide (Quartz): SiO2 in fly ash-2

Iron Oxide (Hematite): Fe2O3 in fly ash-2
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Aluminium Silicate (Mullite): Al6Si2O13 in fly ash-2

Silicon Oxide (Quartz): SiO2 in fly ash-3
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Iron Oxide (Hematite): Fe2O3 in fly ash-3

Aluminium Silicate (Mullite): Al6Si2O13 in fly ash-3
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Appendix B: Morphology

Spherical particles in fly ash-1

Carboneous particle in fly ash-1
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Spherical particles in fly ash-2

Carboneous particle in fly ash-2
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Appendix C: Loss on Ignition
Fly ash -1:

Fly ash -2:

Fly ash -3:
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